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Part 1: Lanthanum(III) Triflate-Catalyzed Cyclopropanation via Intramolecular 
Methylene Transfer 
 
Part 2: Reaction Design with Aromatic Ions: Nucleophilic Acyl Substitution and 
Organophotoredox Catalysts 
 
David James Hardee 
 
This thesis describes the development of novel synthetic methods in the areas of 
methylene transfer cyclopropanation and reaction design with aromatic cations.  The first 
chapter presents a new cyclopropanation method involving intramolecular methylene 
transfer from an epoxide to an olefin.  The lanthanum(III) triflate-catalyzed process 
proceeds with high stereoselectivity and a range of examples are presented to illustrate 
the reaction scope.  An asymmetric cyclopropane synthesis combining enantioselective 
epoxidation and the methylene transfer protocol is also presented. 
The second chapter describes the application of aromatic cation activation for 
nucleophilic acyl substitution.  The strategy is used to rapidly convert carboxylic acids to 
their corresponding acid chlorides with dichlorocyclopropene reagents.  The effect of 
cyclopropene substituents and amine base additives on the rate of  conversion is 
examined.  A mild amidation protocol employing acid chloride formation is described 
and applied to acid-sensitive substrates and preparative peptide couplings. 
The final chapter discloses the development of aromatic cation photoredox 
catalysts.  Investigations into the relationship between cyclopropenium substitution and 
 ultraviolet/visible light absorption are presented.  Cyclopropenium ions are shown to be 
effective photocatalysts for a variety of photoredox transformation. 
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Cyclopropanes are important structures that have served many roles in organic 
chemistry and have been incorporated in many natural and synthetic biologically active 
compounds.2  The combination of ring strain and special bonding orbitals results in 
unique reactivity that has led to their use as synthetic intermediates and mechanistic 
probes.3  The carbocycles are also useful tools for controlling the conformation of 
molecules as the rigid nature of the three-membered ring allows the organized 
presentation of substituents in three-dimensional space.  The significant value of the 
cyclopropyl group has led to the development of many important methods for their 
synthesis.  The most common of these reactions involve the cyclopropanation of olefins 
and include Simmons-Smith-type reactions,4 the transition metal-catalyzed 
decomposition of diazo compounds,5 and Michael-initiated ring closures (Figure 1).6 
Highly stereoselective cyclopropanation methods have been developed for all three of 
these reaction classes.7 One remaining challenge in cyclopropane synthesis though is the 
stereoselective construction of unfunctionalized cyclopropanes remote from other 







Figure 1. Common cyclopropanation reactions. 
 
 
By their very nature, Michael-initiated ring closure reactions are limited in the 
construction of unfunctionalized cyclopropanes due to the requirement of an electron-
withdrawing group. The transition metal-catalyzed decomposition of diazo compounds 
however can be used for the construction of unfunctionalized cyclopropanes if simple 
diazoalkanes are used as the carbene source. The majority of these reactions though 
employ substituted diazo compounds that have greater stability.  Diazoalkanes can also 
form unsubstituted cyclopropanes through a non-catalyzed 1,3-dipolar cycloaddition 
followed by loss of nitrogen upon heating or irradiation. While the cyclopropanation of 
olefins with unfunctionalized diazoalkanes can be diastereoselective, these reactions 
generally require a bulky chiral auxiliary near the alkene to achieve reasonable levels of 
selectivity, particularly for acyclic systems.7  Significant research efforts have focused on 
accomplishing enantioselective cyclopropanation with diazomethane through the use of 
chiral transition metal complexes, however an efficient and general system has yet to be 
identified.8 The most successful catalyst reported is a copper complex developed by 
























Figure 2. Enantioselective cyclopropanation with diazomethane. 
 
 
The Simmons-Smith reaction is the most common method for the synthesis of 
unfunctionalized cyclopropanes due in part to the ease of access to geminal 
dihaloalkanes.  Stereocontrol for this reaction can arise from a steric bias imparted from a 
molecule’s conformational preference, or the use of chelating groups in the substrate 
which coordinate to the metal reagent and direct the cyclopropanation.10  The majority of 
enantioselective Simmons-Smith methods also rely on the presence of a directing group.  
For acyclic systems, the observed level of stereoselectivity is often highly dependent on 
the spacing between the directing functionality and the olefin, as illustrated by the 
enantioselective cyclopropanation method developed by Denmark (Figure 3).11  Utilizing 
a catalytic chiral bis-sulfonamide ligand, the cyclopropanation of allylic alcohols 
proceeds with good enantioselectivity, however a dramatic decrease in selectivity was 
observed when the same conditions were applied to homoallylic alcohols.  The 
cyclopropanation of remote olefins was improved by Charette whose stoichiometric 
chiral dioxaborolane ligand showed only a small decrease in enantioselectivity between 



















methodology to substrates with even greater spacing between the directing group and the 
pendant olefin. 
 
Figure 3. Enantioselective cyclopropanation of allylic and homoallylic alcohols. 
 
 
Very few methods have been developed for achieving an asymmetric Simmons-
Smith reaction without requiring a directing group within the substrate. Shi reported the 
first of these reactions to obtain synthetically useful enantioselectivities by employing 
simple dipeptide ligands to promote the cyclopropanation of styrenes (Figure 4).13 Silyl 















n = 1:  91% yield, 80% ee












CH2Cl2, 0 ºC to r.t.
n = 1:  98% yield, 93% ee




Figure 4. Asymmetric Simmons-Smith cyclopropanation of styrenes. 
 
 
The challenge of synthesizing a remote unfunctionalized cyclopropane can be 
illustrated by examining the syntheses of natural products containing this structural 
feature (Figure 5).  Many synthetic routes require the removal of a directing group 
following cyclopropanation, as was done in a two-step reduction by Yamada in his 
syntheses of the marine steroid aragusterols.15 A second strategy involves multistep 
homologation after cyclopropanation in order to extend the spacing between the 
cyclopropane and other functionality, a path Ichihara used in the synthesis of antifungal 
cepaciamide A.16  Helping to address the lack of methods for the synthesis of 
stereodefined remote cyclopropanes, we have developed a new stereoselective 
cyclopropanation protocol employing an intramolecular methylene transfer.1 
 




































Initial Discovery and Literature Examples 
During the attempted lanthanum(III) triflate-catalyzed alcoholysis of epoxide 1 
with benzyl alcohol, we discovered the observed major product to be cyclopropyl alcohol 
3 with a only small amount of the target alcohol 2 (Figure 6).  Further investigation 
revealed that benzyl alcohol was unnecessary for cyclopropane formation and the 
aldehyde product was isolated in 40% yield by refluxing the epoxide in dichloroethane 
with 10 mol% La(OTf)3.  Alcoholysis of related epoxy olefin 4 containing the opposite 
relative stereochemistry proceeded smoothly to afford the opened epoxide 5 and 
produced only trace quantities of cyclopropane 6.  This disparity between the two 
substrates provided early evidence for the importance of the ether functionality that 
would prove crucial for the development of a successful cyclopropanation method. 
 









































An examination of the literature revealed few previous examples of this type of 
methylene transfer cyclopropanation.  The first was reported by Sharpless who observed 
cyclopropane rearrangement products in a complex mixture resulting from the treatment 
of epoxy alcohols with stoichiometric titanium(IV) isopropoxide (Figure 7).17  The 
rearranged products were believed to arise from the tethered alkene cyclizing to open the 
chelated epoxide and form a tertiary carbocation.  A semipinacol-type rearrangement 
would generate the cyclopropane products, while elimination would yield the isolated 
diols. The presence of both a cyclopropyl aldehyde and cyclopropyl alcohol can be 
attributed to a Meerwein-Ponndorf-Verley-type reduction facilitated by the titanium 
reagent. 
 
Figure 7.  Methylene transfer cyclopropanation as part of a complex mixture. 
 
 
 A second intramolecular methylene transfer cyclopropanation was reported as 
















































epoxyalcohol to two equivalents of tin(IV) bromide induced a methylene transfer to 
generate a cyclopropyl aldehyde which underwent subsequent ring expansion, yielding 
the final cyclopropane product in 65% yield and as a single diastereomer.  Similar to the 
mechanism proposed by Sharpless, Marson suggests that the cyclopropane formation 
occurs stepwise via cyclization to form a seven-membered intermediate, which then 
undergoes a semipinacol-type collapse to yield the cyclopropane. 
 
Figure 8. Sequential methylene transfer cyclopropanation and ring expansion. 
 
 
 Intramolecular methylene transfer cyclopropanation has also been implicated in a 
biosynthetic pathway (Figure 9).19 Oshima and coworkers isolated a novel cyclopropane 
containing trichothecane, tenuipesine A, which they suggest arises from a related epoxide 
natural product, 4-acetoxyscirpenediol.   Their proposal for the skeletal rearrangement is 
supported by synthetic experiments as treatment of 4-acetoxyscirpenediol with Simmons-
Smith conditions employing deutero diiodomethane yields tenuipesine A in low yield and 
with no deuterium incorporation. This result suggests that the cyclopropane methylene 
arises from an intramolecular rearrangement rather than the Simmons-Smith reagent.  All 
three previous demonstrations of this rearrangement have utilized stoichiometric 






















substrate scope, inspiring us to further explore this transformation as a general 
cyclopropanation strategy. 
 
Figure 9. Proposed biogenetic pathway for tenuipesine A. 
 
 
Results and Discussion 
Initial efforts for optimizing the intramolecular methylene transfer focused on the 
Lewis acid promoter (Table 1).  A number of metal triflates were examined for their 
ability to catalyze the transformation and while all catalysts formed some cyclopropane 
product, La(OTf)3 was found to be the most effective (entry 7).  Murai has previously 
reported the use of La(OTf)3 in combination with a chelating group strategy for the 

















































Table 1. Lewis acid optimization study. 
 
 
 As the yield of the cyclopropyl aldehyde product was low (40%) despite 
observing complete conversion of the epoxide starting material, we hypothesized that the 
product may not be stable to the acidic reaction conditions.  To address this concern we 
examined the addition of various organic bases and found that addition of 2,6-lutidine 
significantly improved the product yield (Table 2, entry 5).  The yield was further 
improved through identification of lithium perchlorate as a reaction additive that also 
provided a significant rate acceleration, allowing the reaction to reach complete 
conversion within 3 hours and produce the cyclopropyl aldehyde in 72% yield (entry 6).  
Previous studies have also observed dramatic rate acceleration through the addition of 
LiClO4 to lanthanide triflate catalyzed reactions.22-23  While the exact role of the LiClO4 
is unclear, one possibility is for the additive to undergo anion metathesis with La(OTf)3 
to generate a more effective catalyst, although La(ClO4)3 was not as effective at 
facilitating the transformation (entry 7).  The LiClO4 was also found to catalyze the 










































Table 2. Effect of base and additives on reaction efficiency. 
 
 
 With optimized conditions in hand, our attention turned towards studying the 
reaction scope (Table 3).  Internal olefins were found to be effective substrates with 
cyclopropanation proceeding at lower temperatures than the initial terminal olefin 
substrate (entries 2 and 3).  The trans or cis olefin geometry was preserved through the 
methylene transfer process to exclusively yield the trans or cis cyclopropane as a single 
diastereomer.  Cyclopropyl ketones can also be formed as 2,2-disubstituted epoxides are 
viable substrates (entry 4). The relative stereochemistry of the products was predicted to 
match that observed by Marson18 and confirmed through an X-ray crystal structure of a 
2,4-dinitrophenylhydrazone derivative of entry 4.  Substitution along the carbon 
backbone was well tolerated, allowing for the construction of stereochemically complex 
cyclopropanes (entry 5).  It was found that the chelating group is not required to be 
located along the carbon backbone and !-benzyloxy ketone adducts could be formed 
through the cyclopropanation protocol (entry 6).  The chelating motif was also not limited 
to benzyl ethers as illustrated by the successful incorporation of a methyl ether into a 
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a Yields for cyclopropyl aldehydes were determined using the alcohol products resulting from reduction of 
the crude reaction mixtures with NaBH 4. b The starting material was an 88:12 inseparable mixture of 




 During theses studies several limitations of the methylene transfer 
cyclopropanation were encountered (Table 4). An internal epoxide was investigated for 
the potential to form a 1,2,3-trialkylsubstituted cyclopropane (entry 1).  While the yield 
was significantly lower than that observed for terminal epoxides due to the formation of 
several side products, the desired trisubstituted cyclopropane was isolated in 30% yield as 
a single diastereomer.  A phenyl substituted internal epoxide was also synthesized with 
the hope that the aromatic functionality would favor the regioselective opening of the 
epoxide and facilitate the olefin cyclization (entry 2).  Unfortunately only decomposition 
of the epoxide was observed and no cyclopropane was formed in the reaction. While an 
unprotected alcohol would be an attractive chelating functionality, offering a more useful 
synthetic handle, undesired side reactions resulted in lower yields compared to ethereal 
substrates (entry 3). The inclusion of a coordinating substituent was found to be crucial 
for achieving efficient conversion to the cyclopropane adduct (entry 4).  In addition to the 
desired cyclopropane, the epoxide substrate in entry 4 also produced a significant amount  
of 2-pentyl-6-octenal (~30%) resulting from a Meinwald rearrangement,24 emphasizing 
the role of chelation for controlling epoxide reactivity. While a chelating group is 
important for obtaining efficient conversion, it also must be positioned such that, upon 
chelation, the compound can still adopt a conformation capable of olefin cyclization.  
This is illustrated by the attempted cyclopropanation of cis-crotyl glycidyl ether (entry 5). 
Following chelation the olefin moiety is no longer oriented to open the epoxide, resulting 
in a complex reaction mixture comparable to those obtained for substrates containing no 
directing functionality.  Similar to the methylene transfer reported by Sharpless,17 1,1-




cyclopropane product (entry 6).  This substitution pattern likely favors a 6-endo 
cyclization over the 7-endo cyclization pathway believed to dominate for other substrates.  
Finally, in order to explore the importance of the spacing between the epoxide and olefin, 
a substrate was synthesized removing one methylene from the carbon backbone (entry 7).  
Exposure of this epoxide to the optimized reaction conditions generated a complex 
mixture of products containing a small quantity of cyclopropane, suggesting that 
substrates prone to a 7-endo cyclization are especially biased towards the methylene 
































a Yields for cyclopropyl aldehydes were determined using the alcohol products resulting from reduction of 












































































Our mechanistic hypothesis for the cyclopropanation process mirrors that 
proposed by Marson (Figure 10).18  Chelation of the lanthanum catalyst between the 
epoxide and coordinating group activates the substrate towards a 7-endo cyclization by 
the olefin. Following opening of the epoxide, the resulting cationic intermediate then 
undergoes a semipinacol-type collapse to generate the cyclopropyl aldehyde.  This 
proposal is supported by the observation that internal olefins undergo methylene transfer 
faster than terminal olefins as they are better able to stabilize the carbocation intermediate 
through hyperconjugation.25 Also in support of this mechanism is the isolation of a seven-
membered ring product from the complex mixture of entry 1, Table 4, which was likely 
formed upon proton elimination of the cycloheptyl cationic intermediate. The high-levels 
of stereoselectivity are likely the result of conformational preferences encountered upon 
the compound adopting the necessary geometry for the cyclization to occur.  The 
energetics of the methylene transfer have been investigated computationally by Professor 
Clark Landis of the University of Wisconsin-Madison.26  Calculations on single molecule 
conformations in the gas phase using the B3LYP/6-311G++** level of theory found the 












Figure 10. Proposed mechanism of methylene transfer cyclopropanation. 
 
 
An interesting transformation was observed when a cyclic olefin was studied as a 
potential cyclopropanation substrate (Figure 11).  Treatment of epoxy olefin 7 with 
optimized methylene transfer conditions generated no observable cyclopropane 8, but 
instead formed tricyclic compound 9 in 58% isolated yield.  This transformation 
represents a formal [3+2] cycloaddition between the epoxide and olefin.  Due to 
structural constraints imposed by the cyclohexene, neither 7- or 6-endo cyclizations, 
either of which can lead to cyclopropane, are favored.  Instead, opening of the epoxide 
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zwitterionic intermediate generates the furan ring.  The heterotricyclic framework formed 
in this process is found in many natural product isolates.27 This mild Lewis acid-
catalyzed procedure is a potentially useful alternative to previous epoxide-olefin [3+2] 
reactions that primarily involve transition metal reagents and proceed through radical 
intermediates.28-30  
 
Figure 11. Formal epoxide-olefin [3+2] cycloadduct. 
 
 
 In order to fully utilize the stereoselectivity of the methylene transfer 
cyclopropanation process, we sought to exploit asymmetric epoxidation methods for the 
synthesis of enantioenriched cyclopropanes (Figure 12).  Towards this end, dienyl 
alcohol 10 was treated with Sharpless asymmetric epoxidation conditions to yield 
epoxide 11 in 90% ee.31  Following a standard benzyl protection, this material was treated 
with the optimized methylene transfer conditions to furnish cyclopropane 13 in 84% 
yield.  This material could be further manipulated through a deprotection/oxidative 





































The remote nature of the newly formed chiral centers made determination of the 
enantiomeric purity challenging as common methods, including HPLC, GC, and chiral 
NMR shift reagents, were ineffective for achieving enantiomeric separation.  A method 
developed by Katz that employs a chiral helicene for sensing remote stereochemistry 
finally proved effective.32  In this system a phosphite ester is formed between the target 
compound and a phosphorous embedded within the helicene structure. Carbon chains 
fold into the cleft of the helicene’s chiral groove when dissolved in polar solvents and 
diastereomeric peaks can be observed by 31P NMR. The cyclopropane was thus found to 
have been formed in 90% ee, indicating complete transfer of stereochemistry through the 
methylene transfer process. 
 



























i.) H2, Pd/C, MeOH
LiClO4 ii) NaIO4, MeCN/H2O




















 Given the successful development of intramolecular methylene transfer 
cyclopropanation, we became very interested in the potential for realizing this type of 
rearrangement in an intermolecular setting (Figure 13).  If successful, this strategy would 
further realize epoxides as a novel methylene source and could have useful implications 
for enantioselective cyclopropanation if an easily accessible chiral epoxide could be used 
in the transformation.  Initial efforts towards this goal examined benzyl glycidyl ether as 
the epoxide component to mimic the successful intramolecular substrates.  Unfortunately, 
no cyclopropanation has been observed for a variety of olefin substrates upon heating 
with metal triflate catalysts.  Further studies working with different epoxides and 
expanding the studied reaction conditions may yet realize this desirable transformation. 
 
































 We have developed a new catalytic cyclopropanation method based on an 
intramolecular methylene transfer from epoxides to olefins. The reaction is highly 
stereoselective and provides a useful approach for synthesizing stereodefined 
cyclopropanes remote from other functionality.  In combination with asymmetric 
epoxidations methods, the transformation also provides a novel strategy for accessing 
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General Information. All reactions were performed using oven-dried glassware under 
an atmosphere of dry argon. Non-aqueous reagents were transferred by syringe under 
argon. Organic solutions were concentrated using a Büchi rotary evaporator. Diethyl 
ether, tetrahydrofuran, and methylene chloride (CH2Cl2) were dried using a J.C. Meyer 
solvent purification system. 1,2-Dichloroethane (DCE), 2,6-lutidine, and triethylamine 
(NEt3) were freshly distilled over CaH2 under argon. Lanthanum(III) triflate (La(OTf)3) 
was flame-dried under vacuum prior to use. Lithium perchlorate (LiClO4) was ground 
and dried by heating to 160 ºC under vacuum overnight. All other commercial reagents 
were used as provided. Flash column chromatography was performed employing 32-63 
µm silica gel (Dynamic Adsorbents Inc.). Thin-layer chromatography (TLC) was 
performed on silica gel 60 F254 plates (EMD). 
1H and 13C NMR were recorded in CDCl3 on Bruker DRX-300, DRX-400, and 
DRX-500 spectrometers as noted, and are internally referenced to residual protio solvent 
signals. Data for 1H NMR are reported as follows: chemical shift (! ppm), multiplicity (s 
= singlet, brs = broad singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling 
constant (Hz), integration, and assignment. Data for 13C NMR are reported in terms of 
chemical shift. IR spectra were recorded on a Nicolet Avatar 370 DTGS (Thermo) using 
NaCl salt plates. High-resolution mass spectra (HRMS) were acquired at the Columbia 
University Mass Spectral Core Facility on a JEOL HX110 mass spectrometer using the 
technique (FAB+ or EI+) as noted. We are grateful to Dr. Yasuhiro Itagaki for acquiring 
the HRMS spectra. Low-resolution mass spectra (LRMS) were acquired on a JEOL JMS-
LCmate liquid chromatography mass spectrometer system using CI+ ionization 
!!
25 
technique. We are also grateful to Aaron Sattler and Dr. Ged Parkin for X-ray data 
acquisition and solution. 
 
Methylene Transfer Cyclopropanation 
General Procedure A: 2,6-Lutidine (5 mol%), LiClO4 (0.75 equiv), and La(OTf)3 (5 
mol%) were added to a solution of the unsaturated epoxide in DCE (0.2 M) at room 
temperature. The reaction then was heated to the specified temperature until the starting 
material had been fully consumed (3–24 h). After cooling the reaction to 0 ºC, a solution 
of NaBH4 (1.0 M in MeOH, 4 equiv) was added and the mixture was stirred for 30 min. 
The reaction was quenched by the addition of an equivalent volume of saturated NaHCO3 
and stirred for an additional 30 min. The mixture was then diluted with EtOAc to 5 times 
the reaction volume and the layers were separated. The organic phase was washed with 
brine, dried with MgSO4, and concentrated. The crude residue was purified by silica gel 
chromatography to yield the cyclopropane product. 
 
General Procedure B: 2,6-Lutidine (5 mol%), LiClO4 (0.75 equiv), and La(OTf)3 (5 
mol%) were added to a solution of the unsaturated epoxide in DCE (0.2 M) at room 
temperature. The reaction then was heated to the specified temperature until the starting 
material had been fully consumed (3–24 h). The reaction was then cooled to room 
temperature and diluted with EtOAc to 5 times the reaction volume and washed with 
equivalent volumes of saturated NaHCO3 and brine. The organic phase was dried with 
MgSO4 and concentrated. The crude residue was purified by silica gel chromatography to 





(±)-2-(benzyloxy)-4-cyclopropylbutan-1-ol (Table 3, Entry 1): Prepared according to 
general procedure A from (±)-(S)-2-((R)-1-(benzyloxy)pent-4-enyl)oxirane (131 mg, 0.6 
mmol), La(OTf)3 (17.6 mg, 0.03 mmol), 2,6-lutidine (3.47 µL, 0.03 mmol), and LiClO4 
(47.9 mg, 0.45 mmol).  The reaction was heated to reflux for 3 h.  Purification by silica 
gel chromatography (20% EtOAc/hexanes) yielded the title compound as a clear oil (94.6 
mg, 72% yield). 1H NMR (CDCl3, 400 MHz) ! 7.38–7.28 (m, 5H, ArH), 4.63 (d, J = 11.5 
Hz, 1H, PhCH2O), 4.55 (d, J = 11.5 Hz, 1H PhCH2O), 3.75–3.66 (m, 1H, BnOCH), 
3.58–3.52 (m, 2H, HOCH2), 1.93–1.89 (m, 1H, HO), 1.79–1.72 (m, 1H, BnOCHCH2), 
1.66–1.57 (m, 1H, BnOCHCH2), 1.30–1.23 (m, 2H, CH2CH2), 0.68–0.64 (m, 1H, 
CH(CH2)CH2), 0.44–0.40 (m, 2H, CH(CH2)CH2), 0.04–0.00 (m, 2H, CH(CH2)CH2); 13C 
NMR (CDCl3, 75 MHz) ! 138.4, 128.4, 127.7, 79.5, 64.2, 30.7, 30.4, 10.9, 4.4; IR (thin 
film) 3422, 3073, 3030, 2998, 2930, 2859, 1455, 1351, 1206, 1069, 1028, 914, 821, 735, 
697 cm-1; LRMS (APCI+) exact mass calc’d for C12H22O2+ (MH+) requires m/z 221.2, 
found m/z 221.0. 
 
(±)-(S)-2-(benzyloxy)-4-((1R,2R)-2-methylcyclopropyl)butan-1-ol (Table 3, Entry 2): 
Prepared according to general procedure A from (±)-(S)-2-((R,E)-1-(benzyloxy)hex-4-
enyl)oxirane (46.5 mg, 0.2 mmol), La(OTf)3 (5.9 mg, 0.01 mmol), 2,6-lutidine (1.16 µL, 
0.01 mmol), and LiClO4 (16.0 mg, 0.15 mmol).  The reaction was heated to 40 ºC for 24 
h.  Purification by silica gel chromatography (20% EtOAc/hexanes) yielded the title 








(m, 5H, ArH), 4.63 (d, J = 11.5 Hz, 1H, PhCH2O), 4.52 (d, J = 11.5 Hz, 1H, PhCH2O), 
3.73–3.68 (m, 1H, BnOCH), 3.57–3.50 (m, 2H, HOCH2C), 1.91–1.88 (m, 1H, OH), 
1.79–1.70 (m, 1H, CH(OBn)CH2CH2), 1.63–1.54 (m, 1H, CH(OBn)CH2CH2), 1.27 (q, J 
= 7.5 Hz, 2H, CH2CH2CH), 1.02 (d, J = 6.7 Hz, 3H, CHCH3), 0.45–0.31 (m, 2H, 
CHCH), 0.20–0.12 (m, 2H, CH(CH2)CH); 13C NMR (75 MHz, CDCl3) ! 138.5, 128.5, 
127.8, 79.5, 71.4, 64.3, 30.8, 30.0, 19.8, 19.0, 13.0, 12.8; IR (thin film) 3423, 2994, 2946, 
2866, 1454, 1347, 1207, 1065, 1027, 732, 697 cm-1; HRMS (FAB+) exact mass calc’d 
for C15H21O2 (MH+) requires m/z 235.1698, found m/z 235.1696. 
 
(±)-(S)-2-(benzyloxy)-4-((1R,2S)-2-methylcyclopropyl)butan-1-ol (Table 3, Entry 3): 
Prepared according to general procedure A from (±)-(S)-2-((R,Z)-1-(benzyloxy)hex-4-
enyl)oxirane (39.5 mg, 0.17 mmol), La(OTf)3 (5.0 mg, 0.009 mmol), 2,6-lutidine (0.98 
µL, 0.009 mmol), and LiClO4 (13.6 mg, 0.13 mmol).  The reaction was heated to 40 ºC 
for 14 h.  Purification by silica gel chromatography (20% EtOAc/hexanes) yielded the 
title compound as a clear oil (29.1 mg, 73% yield). 1H NMR (400 MHz, CDCl3) ! 7.36–
7.27 (m, 5H, ArH), 4.65 (d, J = 11.5 Hz, 1H, PhCH2O), 4.55 (d, J = 11.5 Hz, 1H, 
PhCH2O), 3.73–3.69 (m, 1H, BnOCH), 3.59–3.52 (m, 2H, HOCH2C), 1.91–1.88 (m, 1H, 
OH), 1.79–1.71 (m, 1H, CH(OBn)CH2CH2), 1.67–1.58 (m, 1H, CH(OBn)CH2CH2), 
1.38–1.28 (m, 2H, CH2CH2CH), 1.02 (d, J = 6.2 Hz, 3H, CHCH3), 0.80–0.71 (m, 1H, 
CHCH), 0.67–0.57 (m, 2H, CH(CH2)CH, CHCH), –0.32 (q, J = 4.0 Hz, 1H, 
CH(CH2)CH); 13C NMR (100 MHz, CDCl3) ! 138.5, 128.5, 127.8, 127.7, 79.7, 71.5, 
64.3, 31.1, 24.3, 15.6, 13.1, 12.0, 9.4; IR (thin film) 3413, 3060, 2988, 2921, 2869, 1452, 





(MH+) requires m/z 235.1698, found m/z 235.1704. 
 
(±)-(S)-3-(benzyloxy)-5-((1R,2R)-2-methylcyclopropyl)pentan-2-one (Table 3, Entry 
4): Prepared according to general procedure B from (±)-(S)-2-((R,E)-1-(benzyloxy)hex-
4-enyl)-2-methyloxirane (49.4 mg, 0.2 mmol), La(OTf)3 (5.9 mg, 0.01 mmol), 2,6-
lutidine (1.16 µL, 0.01 mmol), and LiClO4 (16.0 mg, 0.15 mmol).  The reaction was 
heated to 40 ºC for 24h.  Purification by silica gel chromatography (5% EtOAc/hexanes) 
yielded the title compound as a clear oil (37.1 mg, 75% yield). 1H NMR (400 MHz, 
CDCl3) ! 7.38–7.28 (m, 5H, ArH), 4.57 (d, J = 11.7, 1H, PhCH2O), 4.41 (d, J = 11.6, 1H, 
PhCH2O), 3.80 (dd, J = 4.9, 8.1 Hz, 1H, BnOCH), 2.18 (s, 3H, COCH3), 1.81–1.53 (m, 
2H, CH2CH2), 1.33–1.25 (m, 2H, CH2CH2), 0.99 (d, J = 5.9 Hz, 3H, CHCH3), 0.41–0.28 
(m, 2H, CHCH), 0.19–0.10 (m, 2H, CH(CH2)CH); 13C NMR (100 MHz, CDCl3) ! 211.7, 
137.5, 128.5, 127.9, 127.9, 84.9, 72.3, 32.0, 29.7, 25.2, 19.3, 18.9, 12.9, 12.7; IR (thin 
film) 2995, 2916, 2850, 1715, 1456, 1353, 1101, 1027, 737, 698 cm-1; HRMS (EI+) exact 
mass calc’d for C16H22O2 (MH+) requires m/z 246.1620, found m/z 246.1617. 
   
(±)-(E)-1-((R)-3-(benzyloxy)-5-((1S,2S)-2-methylcyclopropyl)pentan-2-ylidene)-2-














dinitrophenylhydrazine (0.13 M in 1 : 1.4 : 5 H2SO4/H2O/EtOH, 2.0 mL, 0.27 mmol) was 
added to a solution of (±)-(S)-3-(benzyloxy)-5-((1R,2R)-2-methylcyclopropyl)pentan-2-
one (19.6 mg, 0.08 mmol) in EtOH (1 mL) at room temperature.  After stirring for 30 
min, the reaction was diluted with water and the mixture was extracted three times with 
CH2Cl2. The combined organic layers were washed with saturated NaHCO3, dried with 
MgSO4, and concentrated giving a red solid.  The crude material was then purified by 
silica gel chromatography (CH2Cl2) to yield the title compound as a yellow solid (20.0 
mg, 0.05 mmol, 59% yield).  X-ray quality crystals were obtained by recrystallization 
from 95% EtOH.  1H NMR (300 MHz, CDCl3) ! 11.07 (s, 1H, NH), 9.15 (d, J = 2.6 Hz, 
1H, HAr(NO2)2), 8.34 (dd, J = 2.5, 9.6 Hz, 1H, HAr(NO2)2), 7.98 (d, J = 9.6 Hz, 1H, 
HAr(NO2)2), 7.37–7.29 (m, 5H, HArCH2), 4.48 (d, J = 11.8 Hz, 1H, PhCH2), 4.41 (d, J = 
11.8 Hz, 1H, PhCH2), 4.12 (dd, J = 6.0, 8.1 Hz, 1H, BnOCH), 2.04 (s, 3H, H3CC=N), 
1.96–1.84 (m, 1H, CHCH2), 1.71–1.59 (m, 1H, CHCH2), 1.41–1.17 (m, 2H, 
CH2CH2CH), 1.00 (d, J = 5.8 Hz, 3H, CHCH3), 0.45–0.32 (m, 2H, CHCH2CH), 0.22–
0.07 (m, 2H, CHCH2CH); 13C NMR (75 MHz, CDCl3) 158.0, 145.1, 138.2,137.8, 130.1, 
129.5, 128.4, 127.9, 123.4, 116.6, 82.3, 71.3, 33.3, 30.0, 19.4, 18.9, 12.9, 12.8, 10.8;  IR 
(thin film) 3323, 3107, 3063, 2993, 2927, 2864, 1618, 1592, 1539, 1518, 1453, 1424, 
1336, 1313, 1289, 1254, 1223, 1136, 1074, 1027, 921, 833, 743, 698 cm–1; LRMS 
(APCI+) exact mass calc’d for C22H27N4O5+ (MH+) requires m/z 427.2, m/z found 427.0; 










(Table 3, Entry 5): Prepared according to general procedure B from (±)-(R)-2-
((1S,2R,3S,E)-1-(benzyloxy)-2,3-dimethylhex-4-enyl)-2-methyloxirane (16.3 mg, 88:12 
d.r., 0.06 mmol), La(OTf)3 (1.8 mg, 0.003 mmol), 2,6-lutidine (0.35 µL, 0.003 mmol), 
and LiClO4 (4.9 mg, 0.045 mmol). The reaction was heated to 60 ºC for 24 h.  
Purification by silica gel chromatography (2.5% EtOAc/hexanes) yielded the title 
compound as a clear oil (11.5 mg, 82:18 d.r., 71% yield).    1H NMR (300 MHz, CDCl3) ! 
7.39–7.29 (m, 5H, ArH), 4.58 (d, J = 11.4, 1H, PhCH2O), 4.38 (d, J = 11.4, 1H, 
PhCH2O), 3.90 (d, J = 6.1 Hz, 1H, BnOCH), 2.17 (s, 3H, H3CCO), 1.93 (q, J = 6.3 Hz, 
1H, BnOCHCH), 1.03–0.88 (m, 10H, CHCH3, CHCH3,  CHCH3), 0.76–0.69 (m, 1H, 
CHCH3) 0.48–0.42 (m, 1H, CH(CH2)CH), 0.37–0.30 (m, 1H, CH(CH2)CH), 0.21 (t, J = 
6.8 Hz, 2H, CH(CH2)CH), 13C NMR (CDCl3, 75 MHz) 211.9, 137.8, 128.4, 127.7, 127.6, 
88.3, 72.4, 51.0, 39.7, 25.8, 25.6, 19.1, 15.7, 13.6, 12.0, 11.1; IR (thin film) 2997, 2915, 
2853, 1713, 1462, 1347, 1130, 1080, 1045, 732, 692; LRMS (APCI+) exact mass calc’d 
for C18H27O2+ (MH+) requires m/z 275.2, found m/z 275.1. 
 
(±)-1-(benzyloxy)-5-((1R,2S)-2-methylcyclopropyl)pentan-2-one (Table 3, entry 6):  
Prepared according to general procedure B from (Z)-2-(benzyloxymethyl)-2-(hex-4-
enyl)oxirane (53.0 mg, 0.215 mmol), La(OTf)3 (6.3 mg, 0.011 mmol), 2,6-lutidine (1.25 
µL, 0.011 mmol), and LiClO4 (17.2 mg, 0.16 mmol).  The reaction was heated to 40 ºC 
for 24 h.  Purification by silica gel chromatography (5% EtOAc/hexanes) yielded the title 
compound as a clear oil (44.5 mg, 84% yield). 1H NMR (400 MHz, CDCl3) ! 7.37–7.30 






COCH2CH2), 1.70 (dq, J = 7.6 Hz, 7.6 Hz, 2H, CH2CH2CH2), 1.38–1.29 (m, 1H, 
CH2CH2CH), 1.27–1.18 (m, 1H, CH2CH2CH), 1.00 (d, J = 6.3 Hz, 3H, CHCH3), 0.79–
0.69 (m, 1H, CH(CH2)CH), 0.66–0.54 (m, 2H, CH(CH2)CH), –0.34 (dt, J = 3.4 Hz, 4.8 
Hz, 1H, CH(CH2)CH); 13C NMR (75 MHz, CDCl3) ! 208.9, 137.3, 128.5, 128.0, 127.9, 
75.0, 73.3, 38.9, 28.0, 23.8, 15.3, 13.2, 12.0, 9.3; IR (thin film) 3061, 3030, 2991, 2932, 
2859, 1720, 1454, 1392, 1369, 1248, 1208, 1099, 1026, 737, 698 cm-1; LRMS (APCI+) 
exact mass calc’d for C16H23O2+ (MH+) requires m/z 247.2, found m/z 247.0. 
 
(±)-(S)-1-methoxy-5-((1S,2R)-2-methylcyclopropyl)-1-phenylpentan-2-one (Table 3, 
Entry 7): Prepared according to general procedure B from (±)-(R)-2-((Z)-hex-4-en-1-yl)-
2-((S)-methoxy(phenyl)methyl)oxirane (16.2 mg, 0.066 mmol), La(OTf)3 (1.9 mg, 
0.0033 mmol), 2,6-lutidine (0.38 µL, 0.0033 mmol), and LiClO4 (5.3 mg, 0.050 mmol).  
The reaction was heated to 80 ºC for 22 h.  Purification by silica gel chromatography (5% 
EtOAc/hexanes) yielded the title compound as a clear oil (9.4 mg, 58% yield). 1H NMR 
(300 MHz, CDCl3) ! 7.39–7.28 (m, 5H, ArH), 4.68 (s, 1H, CHOCH3), 3.69 (s, 3H, 
OCH3), 2.59–2.41 (m, 2H, COCH2), 1.64–1.52 (m, 2H, CH2CH2CH2), 1.28–1.13 (m, 2H, 
CH2CH2CH), 0.94 (d, J = 6.2 Hz, 3H, CHCH3), 0.75–0.62 (m, 1H, CH(CH2)CH), 0.59–
0.46 (m, 2H, CH(CH2)CH), –0.37– (–0.45) (m, 1H, CH(CH2)CH). 
 
(±)-(S)-2-(benzyloxy)-4-((2S,3S)-2,3-dimethylcyclopropyl)butan-1-ol (Table 4, Entry 














methyloxiran-2-yl)hex-4-en-1-ol (66.2 mg, 0.27 mmol), La(OTf)3 8.2 mg, 0.014 mmol), 
2,6-lutidine (1.6 µL, 0.014 mmol), and LiClO4 (21.5 mg, 0.20 mmol).  The reaction was 
heated to 60 ºC for 24 h.  Purification by silica gel chromatography (3% acetone/CH2Cl2) 
yielded the title compound as a clear oil (19.6 mg, 29% yield). The cyclopropane 
stereochemistry was assigned by comparison of the 1H NMR chemical shifts of the 
cyclopropyl protons to those of trialkyl-substituted cyclopropanes of known 
stereochemistry.2 (±)-(1S,2R,7R,Z)-7-(Benzyloxy)-2,3-dimethylcyclohept-3-enol was 
also isolated as the major substituent of a mixture of side-products (12.1 mg, 18% yield). 
Cyclopropane Product:  1H NMR (400 MHz, CDCl3) ! 7.36–7.26 (m, 5H, ArH), 4.65 (d, 
J = 11.6 Hz, 1H, PhCH2O), 4.55 (d, J = 11.6 Hz, 1H, PhCH2O), 3.75–3.68 (m, 1H, 
BnOCH), 3.58–3.51 (m, 2H, HOCH2), 1.90 (dd, J = 4.7, 7.0 Hz, 1H, OH), 1.78–1.57 (m, 
2H, CHCH2), 1.40–1.28 (m, 2H, CH2CH2CH), 1.02 (d, J = 7.4 Hz, 6H, CH3CHCHCH3), 
0.49–0.41 (m, 1H, CH2CHCH), 0.35–0.28 (m, 1H, CHCH3), 0.08–0.03 (m, 1H, CHCH3); 
13C NMR (100 MHz, CDCl3) ! 138.5, 128.5, 127.8, 127.7, 79.7, 71.5, 64.3, 31.2, 24.2, 
24.0, 20.2, 18.9, 17.9, 12.7; IR (thin film) 3435, 3030, 2992, 2944, 2927, 2865, 1496, 
1455, 1380, 1349, 1207, 1088, 1066, 1028, 734, 697 cm-1; LRMS (APCI+) exact mass 
calc’d for C16H25O2+ (MH+) requires m/z 249.2, found m/z 249.1. 
 
(±)-(1S,2R,7R,Z)-7-(benzyloxy)-2,3-dimethylcyclohept-3-enol: 1H NMR (CDCl3, 400 
MHz) 7.36–7.28 (m, 5H, ArH), 5.28 (q, J = 6.6 Hz, 1H, HC=C), 4.68 (d, J = 11.7 Hz, 1H, 






2.69 (m, 1H, C=CCH), 2.33–2.27 (m, 1H, H2CHC=C), 2.16–2.08 (m, 2H, H2CHC=C, 
OH), 1.96–1.88 (m, 1H, BnOCHCH2), 1.61 (d, J = 6.7 Hz, 3H, HC=C(CH3)CH), 1.52–
1.44 (m, 1H, BnOCHCH2), 1.04 (d, J = 7.2 Hz, 3H, CHCH3); 13C NMR (75 MHz, 
CDCl3) ! 139.5, 138.7, 128.4, 127.8, 127.6, 118.0, 77.9, 75.0, 71.0, 55.9, 41.5, 27.7, 21.9, 
13.6, 13.0; IR (thin film) 3447, 3030, 2960, 2927, 2872, 1455, 1374, 1096, 1071, 1028, 
978, 734, 697; LRMS (APCI+) exact mass calc’d for C16H23O2+ (MH+) requires m/z 
247.2, found m/z 247.0 
 
(±)-1-hydroxy-5-((1S,2R)-2-methylcyclopropyl)pentan-2-one (Table 4, Entry 3): 
Prepared according to general procedure B from (Z)-(2-(hex-4-en-1-yl)oxiran-2-
yl)methanol (25.5 mg, 0.163 mmol), La(OTf)3 (4.7mg, 0.008 mmol), 2,6-lutidine (0.93 
µL, 0.008 mmol), and LiClO4 (13.0 mg, 0.122 mmol).  The reaction was heated to 40 ºC 
for 12 h.  Purification by silica gel chromatography (35% EtOAc/hexanes) yielded the 
title compound as a clear oil (7.1 mg, 28% yield). 1H NMR (400 MHz, CDCl3) ! 4.25 (s, 
2H, CH2OH), 3.10 (t, J = 4.5 Hz, 1H, OH), 2.46 (t, J = 7.5 Hz, 2H, COCH2), 1.79–1.71 
(m, 2H, CH2CH2CH2), 1.40–1.19 (m, 2H, CH2CH), 1.01 (d, 3H, CHCH3), 0.79–0.72 (m, 
1H, CH(CH2)CH), 0.65–0.58 (m, 2H, CH(CH2)CH), –0.29–(–0.36) (m, 1H, 
CH(CH2)CH); 13C NMR (100 MHz, CDCl3) ! 209.8, 68.0, 38.2, 27.9, 24.1, 15.2, 13.2, 
12.0, 9.3; IR (thin film) 3435, 3061, 2992, 2934, 2872, 1719, 1456, 1406, 1326, 1276, 
1111, 1078, 1023 cm-1; LRMS (APCI+) exact mass calc’d for C9H17O2+ (MH+) requires 







(±)-1-((1R,2S)-2-methylcyclopropyl)nonan-4-one (Table 4, Entry 4): Prepared 
according to general procedure B from (Z)-2-(hex-4-enyl)-2-pentyloxirane (62.3 mg, 0.32 
mmol), La(OTf)3 (9.4 mg, 0.016 mmol), 2,6-lutidine (1.85 µL, 0.016 mmol), and LiClO4 
(25.5 mg, 0.24 mmol).  The reaction was heated to 60 ºC for 20 h.  Purification by silica 
gel chromatography (2.5% EtOAc/hexanes) yielded the title compound as a yellow oil 
(16.5 mg, 26% yield). 1H NMR (400 MHz, CDCl3) ! 2.43 (t, J = 7.4 Hz, 2H, CH2CO), 
2.39 (t, J = 7.5 Hz, 2H, COCH2), 1.67 (tt, J = 7.6, 7.6 Hz, 2H, COCH2CH2) 1.57 (tt, J = 
7.6, 7.6 Hz, 2H, CH2CH2CO), 1.37–1.17 (m, 6H; CH2CH2CH3, CH2CH2CH), 1.01 (d, J 
= 6.2 Hz, 3H, CHCH3), 0.89 (t, J = 6.8, 3H, CH2CH3), 0.79–0.70 (m, 1H, CH(CH2)CH), 
0.65–0.57 (m, 2H, CH(CH2)CH), –0.34 (dt, J = 4.2, 4.2 Hz, 1H, CH(CH2)CH); 13C NMR 
(100 MHz, CDCl3) ! 211.7, 42.7, 42.7, 31.4, 28.0, 24.4, 23.6, 22.5, 15.4, 13.9, 13.2, 12.0, 
9.3; IR (thin film) 3061, 2992, 2931, 2860, 1715, 1457, 1410, 1373, 1136, 1080, 1022, 
749 cm-1; LRMS (APCI+) exact mass calc’d for C13H25O+ (MH+) requires m/z 197.2, 
found m/z 197.1. 
 
(±)-2-(((1S,2R)-2-methylcyclopropyl)methoxy)ethanol (Table 4, Entry 5: Prepared 
according to general procedure A from cis-crotyl glycidyl ether (25.6 mg, 0.20 mmol), 
La(OTf)3 (5.9 mg, 0.010 mmol), 2,6-lutidine (1.16 µL, 0.010 mmol), and LiClO4 (16.0 
mg, 0.15 mmol).  The reaction was heated to 80 ºC for 14 h.  Analysis of the crude 1H 










(±)-(R)-2-(benzyloxy)-4-((S)-2,2-dimethylcyclopropyl)butan-1-ol (Table 4, Entry 6): 
Prepared according to general procedure A from (±)-(S)-2-((R)-1-(benzyloxy)-5-
methylhex-4-en-1-yl)oxirane (19.7 mg, 0.08 mmol), La(OTf)3 (2.3 mg, 0.004 mmol), 2,6-
lutidine (0.46 µL, 0.004 mmol), and LiClO4 (6.4 mg, 0.06 mmol).  The reaction was 
stirred at room temperature for 3 h.  Analysis of the crude 1H NMR revealed a complex 
inseparable mixture containing less than 30% cyclopropane products. 
 
2-(benzyloxy)-3-cyclopropylpropan-1-ol (Table 4, Entry 7): Prepared according to 
general procedure A from (±)-(S)-2-((R)-1-(benzyloxy)but-3-en-1-yl)oxirane3 (24.5 mg, 
0.12 mmol), La(OTf)3 (3.5 mg, 0.006 mmol), 2,6-lutidine (0.69 µL, 0.006 mmol), and 
LiClO4 (9.6 mg, 0.09 mmol).  The reaction was stirred at 80 ºC for 20 h.  Analysis of the 




bc]furan: Prepared according to general procedure B from (±)-(R)-2-((1S,2R)-1-
(benzyloxy)-2-((S)-cyclohex-2-en-1-yl)propyl)oxirane (20.5 mg, 0.073 mmol), La(OTf)3 
(2.2 mg, 0.0037 mmol), 2,6-lutidine (0.43 µL, 0.0037 mmol), and LiClO4 (6.0 mg, 0.56 













chromatography (15% EtOAc/hexanes) yielded the title compound as a yellow oil (11.7 
mg, 58% yield). 1H NMR (400 MHz, CDCl3) ! 7.36–7.27 (m, 5H, ArH), 4.41 (dd, J = 12, 
25 Hz, 2H, PhCH2O), 3.98 (dd, J = 7.7, 16.9 Hz, 1H, CHCH(OCH2)CH2), 3.90 (dd, J = 
6.6, 6.6 Hz, 1H, CHCH2OCH), 3.78 (dd, J = 3.4, 5.1 Hz, 1H, BnOCH), 3.60 (dd, J = 6.9, 
11.0 Hz, 2H, CHCH2OCH), 2.91–2.84 (m, 1H, CHCH(CH)CH), 2.54–2.45 (m, 1H, 
CH2CHCHOBn), 2.36–2.27 (m, 1H, CHCH3), 1.93–1.79 (m, 2H, CH2CH2CH2), 1.69–
1.62 (m, 1H, CHCHCH3), 1.60–1.53 (m, 1H, CH2CH2CH2), 1.22–0.84 (m, 6H, CH3, 
CH2CH2CH2); 13C NMR (75 MHz, CDCl3) ! 138.8, 128.3, 127.4, 127.3, 78.0, 73.5, 71.9, 
65.2, 54.7, 50.6, 48.6, 40.1, 30.4, 30.0, 23.3, 15.4; IR (thin film) 2929, 2868, 1454, 1371, 
1260, 1141, 1089, 1068, 1028, 990, 966, 871, 854, 734, 697 cm-1; LRMS (APCI+) exact 
mass calc’d for C18H25O2+ (MH+) requires m/z 273.2, found m/z 273.7. 
 
(–)-(S,Z)-(2-(hex-4-enyl)oxiran-2-yl)methanol (11): Following the procedure of 
Sharpless,4 (+)-diisopropyl tartrate (7.0 mg, .030 mmol) and freshly distilled Ti(OiPr)4 
(7.6 µL, 0.025 mmol) were sequentially added to ground activated 4Å molecular sieves 
(40 mg) in CH2Cl2 (4 mL) at –20 ºC and the mixture was stirred for 30 min. tert-Butyl 
hydroperoxide (5.5M solution in decane, 0.23 mL, 1.25 mmol) was added over 5 min and 
the mixture was stirred for an additional 30 min.  A solution of (Z)-2-methyleneoct-6-en-
1-ol (70 mg, 0.50 mmol) in CH2Cl2 (1 mL) was added over 30 min.  After stirring for 30 
min, the reaction was placed in a –20 ºC freezer, unstirred, for 40 h.  Saturated NaHCO3 
(0.15mL) was added and the mixture was vigorously stirred for 30 min while warming to 






of Celite, washing generously with Et2O.  The solution was concentrated and the crude 
residue purified by silica gel chromatography (25% EtOAc/hexanes) to yield the title 
compound (71.0 mg, 0.45 mmol, 91% yield) in 90% ee (determined by 1H NMR analysis 
of the corresponding Mosher ester formed from (+)-MTPA).  1H NMR (CDCl3, 300 
MHz) ! 5.52–5.42 (m, 1H, HC=CH), 5.39–5.30 (m, 1H, HC=CH), 3.78 (dd, J = 5.8, 16.3 
Hz, 1H, HOCH2), 3.64 (dd, J = 11.5, 16.3 Hz, 1H, HOCH2), 2.89 (d, J = 6.2, 1H, 
C(CH2)O), 2.67 (d, J = 6.2 Hz, 1H, C(CH2)O), 2.06 (q, J = 9.5, 2H HC=CHCH2), 1.84–
1.75 (m, 1H, CCH2), 1.67–1.38 (m, 7H, OH, CCH2CH2, HC=CHCH3); 13C NMR 
(CDCl3, 100 MHz) ! 129.7, 124.5, 62.8, 59.7, 49.8, 31.4, 26.7, 24.2, 12.7; IR (thin film) 
3432, 3012, 2936, 2863, 1456, 1404, 1045, 894, 808, 702 cm-1; LRMS (APCI+) exact 
mass calc’d for C9H17O2+ (MH+) requires m/z 157.12, found m/z 157.17; [α]21D = – 2.7° 
(c 1.26, MeOH). 
 
(–)-(R,Z)-2-(benzyloxymethyl)-2-(hex-4-enyl)oxirane (12): A solution of (–)-(S,Z)-(2-
(hex-4-enyl)oxiran-2-yl)methanol (39.1 mg, 0.25 mmol) in THF (0.5 mL) was added 
dropwise to a suspension of NaH (15 mg, 60% dispersion in mineral oil, 0.38 mmol) in 
THF (0.5 mL) at –78 ºC.  After stirring for 20 min, benzyl bromide (37 µL, 0.31 mmol) 
and n-tetra-butylammonium iodide (18.5 mg, 0.05 mmol) were added and the reaction 
was warmed to room temperature. Saturated NH4Cl was added after 12 h and the mixture 
was diluted with EtOAc.  The layers were separated and the organic phase was washed 
with brine, dried with Na2SO4, and concentrated.  The crude residue was purified by 






oil (55.7 mg, 0.23 mmol, 90% yield). [α]21D = – 12.2° (c 0.26; MeOH). 
 
(–)-1-(benzyloxy)-5-((1R,2S)-2-methylcyclopropyl)pentan-2-one (13):  Prepared 
according to general procedure B from (–)-(R,Z)-2-benzyloxymethyl)-2-(hex-4-
enyl)oxirane (49.3 mg, 0.20 mmol), La(OTf)3 (5.9 mg, 0.01 mmol), 2,6-lutidine (1.20 µL, 
0.01 mmol), and LiClO4 (16.0 mg, 0.15 mmol).  The reaction was heated to 40 ºC for 20 
h.  Purification by silica gel chromatography (5% EtOAc/hexanes) yielded the title 
compound as a clear oil (41.4 mg, 84% yield). [α]21D = – 19.8° (c 0.15; MeOH). 
 
(–)-4-((1S,2R)-2-methylcyclopropyl)butanoic acid (14): A mixture of (–)-1-
(benzyloxy)-5-((1R,2S)-2-methylcyclopropyl)pentan-2-one (17.7 mg, .072 mmol) and 
10% Pd/C (3.8 mg) in MeOH (0.72 mL) was stirred under a hydrogen atmosphere 
(balloon) at room temperature for 36 h.  The reaction was filtered through Celite and 
concentrated.  The crude residue was further purified by filtering through a plug of silica 
using EtOAc as the eluent and this material was used directly in the next reaction. 
 Sodium periodate (9.7 mg, 0.62 mmol) was added to a solution of the unprotected 
α-hydroxyketone (9.7 mg) in 1:1 MeCN/H2O (1 mL) and the mixture was stirred at 
room temperature for 20 h. The reaction was diluted with Et2O and extracted into a 1M 
NaOH solution.  The layers were separated and the aqueous phase acidified by the 
addition of 4M HCl and extracted 3 times with Et2O.  The combined organic extracts 









mg, 77% yield).  The acid was determined to have 90% ee using the method of Katz by 
analyzing the 31P NMR spectra of the phosphite ester formed from the corresponding 
reduced alcohol and (P, P)-(+)-[5]HELOL (major diastereomer: ! 133.80, minor 
diastereomer: ! 133.57).5  1H NMR (300 MHz, CDCl3) ! 2.41 (t, J = 7.4 Hz, 2H, 
CH2CO), 1.75 (quint, J = 7.6 Hz, 2H, COCH2CH2), 1.44–1.25 (m, 2H, CH2CH2CH), 
1.01 (d, J = 6.2 Hz, 3H, CHCH3), 0.78–0.72 (m, 1H, CH(CH2)CH), 0.67–0.58 (m, 2H, 
CH(CH2)CH), –0.30–(–0.34) (m, 1H, CH(CH2)CH);  13C NMR (100 MHz, CDCl3) ! 
179.6, 33.7, 27.8, 25.1, 15.2, 13.2, 12.0, 9.3; IR (thin film) 3061, 2993, 2933, 2873, 2671, 
1710, 1456, 1413, 1267, 1248, 1209, 1116, 1021, 935; LRMS (APCI+) exact mass calc’d 




(±)-(S)-2-((R)-1-(benzyloxy)pent-4-enyl)oxirane (Table 3, entry 1): Tosyl chloride 
(1.60 g, 8.4 mmol) and 4-(dimethylamino)pyridine (85.5 mg, 0.70 mmol) were added to a 
solution of trans-2,3-epoxyhept-6-en-1-ol6 (897 mg, 7.0 mmol) and NEt3 (2.44 mL, 17.5 
mmol) in CH2Cl2 (23 mL) at 0 ºC.  After stirring at 0 ºC for 12 h, the reaction was 
quenched with saturated NaHCO3.  The layers were separated and the organic phase was 
dried with MgSO4 and concentrated.  The crude oil was quickly purified on a short 
column of silica (20% EtOAc/Hexanes) to yield the desired epoxy tosylate (2.00 g, 7.0 
mmol, 100% yield). 





alcohol (1.84 mL, 17.8 mmol) were added to the epoxy tosylate (2.00 g, 7.0 mmol) in 
CH2Cl2 (14 mL) at 0 ºC.  The reaction was allowed to warm to room temperature and 
concentrated after stirring for 20 h.  The residue was taken up in methanol (14 mL) and 
K2CO3 (1.96 g, 14.2 mmol) was added at room temperature.  After stirring for 3 h, the 
mixture was concentrated and the residue was taken up in EtOAc and water.  The layers 
were separated and the organic phase was washed with brine, dried with MgSO4, and 
concentrated.  The crude oil was purified by silica gel chromatography (20% 
EtOAc/hexanes) to yield the title compound as a clear oil (1.16 g, 0.88 mmol, 75 % 
yield). 1H NMR (300 MHz, CDCl3) ! 7.38–7.28 (m, 5H, ArH), 5.88–5.74 (m, 1H, 
H2C=CH), 5.05–4.95 (m, 2H, H2C=CH), 4.67 (d, J = 11.6 Hz, 1H, PhCH2O), 4.50 (d, J = 
14.6, 1H, PhCH2O), 3.29 (q, J = 7.6 Hz, 1H, BnOCH), 2.96–2.92 (m, 1H, CHOCH2), 
2.81–2.78 (m, 1H, CHOCH2), 2.74–2.71 (m, 1H, CHOCH2), 2.33–2.11 (m, 2H, 
H2C=CHCH2), 1.78–1.70 (m, 2H, CH2CH2CH); 13C NMR (75 MHz, CDCl3) ! 138.4, 
138.1, 128.3, 127.7, 127.6, 114.9, 72.3, 53.4, 45.6, 32.0, 29.3; IR (thin film) 3064, 3031, 
2978, 2922, 2864, 1641, 1454, 1264, 1110, 1071, 1028, 995, 913, 846, 737, 698 cm-1; 
LRMS (APCI+) exact mass calc’d for C15H21O2 (MH+) requires m/z 219.1, found 219.0 
m/z. 
 
(±)-(S)-2-((R,E)-1-(benzyloxy)hex-4-enyl)oxirane (Table 3, entry 2): Tosyl chloride 
(3.18 g, 16.7 mmol) and 4-(dimethylamino)pyridine (34 mg, 0.28 mmol) were added to a 
solution of (E)-(3-(pent-3-enyl)oxiran-2-yl)methanol8 (1.97 g, 13.9 mmol) and NEt3 (4.8 






was quenched with saturated NaHCO3.  The layers were separated and the organic phase 
was dried with MgSO4 and concentrated.  The crude oil was quickly purified on a short 
column of silica (20% EtOAc/Hexanes) to yield the desired epoxy tosylate (3.77g, 12.7 
mmol, 92% yield). 
 BF3•Et2O (75 µL, 0.60 mmol) and benzyl alcohol (1.56 mL, 15.1 mmol) were 
added to the epoxy tosylate (1.79 g, 6.0 mmol) in CH2Cl2 (12 mL) at 0 ºC.  The reaction 
was allowed to warm to room temperature and concentrated after stirring for 20 h.  The 
residue was taken up in methanol (12 mL) and K2CO3 (1.67 g, 12.1 mmol) was added at 
room temperature.  After stirring for 3 h, the mixture was concentrated and the residue 
was taken up in EtOAc and water.  The layers were separated and the organic phase was 
washed with brine, dried with MgSO4, and concentrated.  The crude oil was purified by 
silica gel chromatography (10–20% EtOAc/hexanes) to yield the title compound as a 
clear oil (1.12 g, 4.8 mmol, 80% yield). 1H NMR (400 MHz, CDCl3) ! 7.37–7.28 (m, 5H, 
ArH), 5.46–5.35 (m, 2H, HC=CH), 4.66 (d, J = 11.6 Hz, 1H, PhCH2O), 4.49 (d, J = 11.6 
Hz, 1H, PhCH2O), 3.29 (dt, J = 5.8, 5.8 Hz, 1H, BnOCH), 2.95–2.92 (m, 1H, 
CHCHOCH2), 2.78 (dd, J = 3.9 Hz, 5.2 Hz, 1H, CHOCH2), 2.72 (dd, J = 2.6, 5.3 Hz 1H, 
CHOCH2), 2.25–2.02 (m, 2H, HC=CHCH2), 1.69 (q, J = 7.5 Hz, 2H, CH2CH2CHOBn), 
1.63 (d, J = 4.4 Hz, 3H, H3CHC=CH); 13C NMR (100 MHz, CDCl3) ! 138.5, 130.6, 
128.4, 127.7, 127.6, 125.5, 77.4, 72.3, 53.5, 45.6, 32.7, 28.2, 17.9. IR (thin film) 3063, 
2918, 2856, 1496, 1454, 1110, 1071, 1027, 967, 847, 735, 698 cm-1; HRMS (FAB+) 
exact mass calc’d for C15H21O2 (MH+) requires m/z 233.1542, found m/z 233.1546. 
 





(0.36 g, 1.88 mmol) and 4-(dimethylamino)pyridine (20 mg, 0.16 mmol) were added to a 
solution of (Z)-(3-(pent-3-enyl)oxiran-2-yl)methanol8 (224 mg, 1.57 mmol) and NEt3 
(0.55 mL, 34.8 mmol) in CH2Cl2 (45 mL) at 0 ºC.  After stirring at 0 ºC for 12 h, the 
reaction was quenched with saturated NaHCO3.  The layers were separated and the 
organic phase was dried with MgSO4 and concentrated.  The crude oil was quickly 
purified on a short column of silica (20% EtOAc/Hexanes) to yield the desired epoxy 
tosylate (405 mg, 1.37 mmol, 87% yield). 
 BF3•Et2O (16 µL, 0.13 mmol) and benzyl alcohol (0.34 mL, 3.33 mmol) were 
added to the epoxy tosylate (394 mg, 1.33 mmol) in CH2Cl2 (2.7 mL) at 0 ºC.  The 
reaction was allowed to warm to room temperature and concentrated after stirring for 20 
h.  The residue was taken up in methanol (2.7 mL) and K2CO3 (0.37 g, 2.66 mmol) was 
added at room temperature.  After stirring for 3 h the mixture was concentrated and the 
residue was taken up in EtOAc and water.  The layers were separated and the organic 
phase was washed with brine, dried with MgSO4, and concentrated.  The crude oil was 
purified by silica gel chromatography (10–20% EtOAc/hexanes) to yield the title 
compound as a clear oil (205 mg, 0.88 mmol, 66% yield).  1H NMR (400 MHz, CDCl3) ! 
7.35–7.26 (m, 5H, ArH), 5.49–5.36 (m, 2H, HC=CH), 4.67 (d, J = 11.5 Hz, 1H, 
PhCH2O), 4.50 (d, J = 11.6 Hz, 1H, PhCH2O), 3.28 (dt, J = 5.9, 5.9 Hz, 1H, BnOCH), 
2.96–2.93 (m, 1H, CHCHOCH2), 2.79 (dd, J = 4.0 Hz, 5.2 Hz, 1H, CHOCH2), 2.73 (dd, J 
= 2.6, 5.3 Hz 1H, CHOCH2), 2.30–2.14 (m, 2H, HC=CHCH2), 1.70 (q, J = 7.1 Hz, 2H, 
CH2CH2CHOBn), 1.62 (d, J = 6.6 Hz, 3H, H3CHC=CH); 13C NMR (100 MHz, CDCl3) ! 
138.5, 129.8, 128.4, 127.7, 127.6, 124.5, 77.7, 72.4, 53.5, 45.7, 32.6, 22.5, 12.8; IR (thin 
film) 3012, 2919, 2864, 1496, 1454, 1348, 1110, 1071, 1028, 846, 736, 697 cm-1; HRMS 
!!
43 
(FAB+) exact mass calc’d for C15H21O2 (MH+) requires m/z 233.1542, found m/z 
233.1542. 
 
(E)-2-methylocta-1,6-dien-3-ol: (E)-hex-4-enal (982 mg, 10 mmol) was added dropwise 
to isopropenyl magnesium bromide (0.5 M in THF, 30 mL, 15 mmol) at 0 °C.  After 30 
minutes the reaction was quenched with 1M HCl and diluted with EtOAc.  The layers 
were separated and the organic phase was washed with water, sat. NaHCO3, and brine, 
dried with MgSO4, and concentrated.  The crude oil was purified by silica gel 
chromatography (15% EtOAc/hexanes) to yield the title compound as a yellow oil (482 
mg, 3.4 mmol, 34% yield). 1H NMR (300 MHz, CDCl3) 5.53–5.38 (m, 2H, 
H3CHC=CH), 4.94 (t, J = 0.9 Hz, 1H, C=CH2), 4.84 (t, J = 1.5 Hz, 1H, C=CH2), 4.07 (m, 
1H, CHOH), 2.12–1.93 (m, 2H, HC=CHCH2), 1.72 (s, 3H, H3CC=CH2), 1.67–1.53 (m, 
5H, CH2CHOH, H3CHC=CH), 1.50 (d, 1H, HO); 13C NMR (75 MHz, CDCl3) 147.5, 
130.7, 125.4, 111.0, 75.5, 34.7, 28.7, 17.9, 17.6. IR (thin film) 3363, 3014, 2936, 2857, 
1449, 1376, 1274, 1058, 965, 894 cm-1; HRMS (EI+) exact mass calc’d for C9H16O+ 
(MH+) requires m/z 140.1201, found m/z 140.1195. 
 
(±)-(R,E)-1-((S)-2-methyloxiran-2-yl)hex-4-en-1-ol: tert-Butyl hydroperoxide (5.5 M 
solution in decane, 1.25 mL, 6.9 mmol) was slowly added to a solution of  (E)-2-
methylocta-1,6-dien-3-ol (481 mg, 3.4 mmol) and vanadyl acetylacetonate (18.3 mg, 0.07 










through a plug of silica with EtOAc and concentrated.  The crude oil was purified by 
silica gel chromatography (5% acetone/CH2Cl2) to give the title compound as a clear oil 
(304 mg, 2.0 mmol, 57% yield). 1H NMR (400 MHz, CDCl3) ! 5.58–5.36 (m, 2H, 
HC=CH), 3.64 (d, J = 9 Hz, 1H, HOCH), 2.89 (d, J = 4.8 Hz, 1H, COCH2), 2.59 (d, J = 
4.8 Hz, 1H, COCH2), 2.26–2.03 (m, 3H, C=CHCH2, HO), 1.72–1.58 (m, 4H, C=CHCH3, 
CH2CH2CH), 1.46 (m, 1H, CH2CH2CH), 1.34 (s, 3H, CCH3); 13C NMR (100 MHz, 
CDCl3) ! 130.6, 125.6, 71.1, 50.3, 32.8, 28.6, 18.1, 17.9; IR (thin film), 3444, 2936, 
2919, 2856, 1450, 1390, 1378, 1276, 1059, 966,  808 cm-1; LRMS (APCI+) exact mass 
calc’d for C9H17O2 (MH+) requires m/z 157.1, found m/z 157.2. 
 
(±)-(S)-2-((R,E)-1-(benzyloxy)hex-4-enyl)-2-methyloxirane (Table 3, entry 4): 
Sodium hydride (60% dispersion in mineral oil, 195 mg, 4.86 mmol) and n-
tetrabutylammonium iodide (74 mg, 0.20 mmol) were added to a solution of (±)-(R,E)-1-
((S)-2-methyloxiran-2-yl)hex-4-en-1-ol (304 mg, 1.95 mmol) and benzyl bromide (0.35 
mL, 2.92 mmol ) in THF (6.0 mL) at –78 °C. After 30 min the reaction was allowed to 
warm to room temperature and stirred for 12 h.  The reaction was quenched by the 
addition of a saturated NH4Cl solution and diluted with EtOAc.  The layers were 
separated and the organic phase was washed with brine, dried with MgSO4, and 
concentrated.  The crude oil was purified by silica gel chromatography (5% 
EtOAc/hexanes) to yield the title compound as a yellow oil (394 mg, 1.60 mmol, 82% 
yield). 1H NMR (400 MHz, CDCl3) ! 7.37–7.27 (m, 5H, ArH), 5.44–5.38 (m, 2H, 







(dd, J = 5.0, 7.7 Hz, 1H, BnOCH), 2.74 (d, J = 5.1 Hz, 1H, COCH2), 2.65 (d, J = 5.1 Hz, 
1H, COCH2), 2.26–2.16 (m, 1H, C=CHCH2), 2.10–1.99 (m, 1H, C=CHCH2), 1.71–1.61 
(m, 4H, C=CHCH3, CH2CH2CH), 1.32 (s, 3H, CCH3); 13C NMR (100 MHz, CDCl3) 
138.5, 130.7, 128.4, 127.8, 127.6, 125.4, 81.0, 72.0, 54.0, 31.6, 28.8, 17.9, 16.3; IR (thin 
film) 3030, 2934, 2918, 2854, 1496, 1453, 1376, 1113, 1070, 966, 819, 736, 697 cm–1; 
HRMS (FAB+) exact mass calc’d for C16H23O2+ (MH+) requires m/z 247.1698, found 
m/z 247.1689. 
 
(±)-(2R,3S,E)-2,3-dimethyl-1-morpholinohex-4-en-1-one: Following the procedure of 
MacMillan,9 (E)-4-(pent-3-en-2-yl)morpholine10 (748 mg, 4.8 mmol) and i-Pr2NEt (1.25 
mL, 7.2 mmol) were added to a solution of TiCl4 "2THF (160 mg, 0.48 mmol) in CH2Cl2 
at room temperature. A solution of propionyl chloride (1 M in CH2Cl2, 6 mL, 6.0 mmol) 
was added over 5 min.  After stirring for 8 h, the reaction was diluted with Et2O and 
washed with 1 M NaOH.  The organic phase was dried with MgSO4 and concentrated.  
The crude oil was purified by silica gel chromatography (60% EtOAc/hexanes) yielding 
the title compound as a yellow oil (0.72 g, 96:4 d.r., 3.4 mmol, 71% yield). 1H NMR (400 
MHz, CDCl3) ! 5.48-5.39 (m, 1H, HC=CHCH(CH3)C), 5.36-5.29 (m, 1H, H3CHC=CH), 
3.70-3.50 (m, 8H, O(CH2CH2)2N), 2.55 (dq, J = 6.8, 6.8 Hz, 1H, COCH(CH3)CH), 2.38 
(q, J = 7.3 Hz, 1H, HC=CHCH(CH3)CH), 1.64 (d, J = 5.6 Hz, 1H, H3CHC=CH), 1.08 (d, 
J = 6.4 Hz, 3H, CHCH3), 0.99 (d, J = 6.8 Hz, 3H, CHCH3). 13C NMR (100 MHz, CDCl3) 
! 174.7, 134.8, 124.5, 67.1, 66.8, 46.3, 42.0, 40.4, 39.6, 18.0, 16.7, 14.4. IR (thin film) 









cm–1; LRMS (APCI+) exact mass calc’d for C12H22NO2+ (MH+) requires m/z 212.2, 
found m/z 212.2. 
 
(±)-(3S,4R,5S,E)-2,4,5-trimethylocta-1,6-dien-3-ol:  Following the procedure of 
Georg,11 a solution of (±)-(2R,3S,E)-2,3-dimethyl-1-morpholinohex-4-en-1-one (300 mg, 
1.42 mmol) in THF (9.5 mL) was added to bis(cyclopentadienyl)zirconium(IV) chloride 
hydride (732.4 mg, 2.84 mmol) at room temperature.  After 1.5 h the reaction was 
concentrated and the mixture was quickly purified on a short column of silica gel (15% 
Et2O/hexanes) to yield the desired aldehyde, which was used immediately in the 
subsequent reaction. 
 Isopropenyl magnesium bromide (0.5 M solution in THF, 1.8 mL, 0.9 mmol) was 
added dropwise to a solution of the aldehyde (75 mg, 0.6 mmol) in THF (3.6 mL) at –78 
°C.  After 1 h the reaction was quenched with a 1 M HCl solution and diluted with 
EtOAc.  The layers were separated and the organic phase was washed with saturated 
NaHCO3 and brine, dried with MgSO4, and concentrated.  The crude oil was purified by 
silica gel chromatography (1% acetone/CH2Cl2) to yield the title compound as a mixture 
of diastereomers (40 mg, 2:1 d.r., 20% yield). Major diastereomer:  1H NMR (400 MHz, 
CDCl3) ! 5.53–5.34 (m, 2H, CHC=CHC), 4.98 (s, 1H, C=CH2), 4.89 (s, 1H, C=CH2), 
4.10 (m, 1H, HOCH), 2.24 (q, J = 5.2 Hz, 1H, CHCHC=C), 1.68 (s, 6H, C=CHCH3, 
H2C=CCH3), 1.56–1.47 (m, 1H, CHCH(CH3)CH), 0.96 (d, J = 6.8 Hz, CHCH3), 0.82 (d, 
J = 6.9 Hz, 3H, CHCH3); 13C NMR (100 MHz, CDCl3) 146.7, 136.4, 124.1, 110.7, 76.4, 








1378, 717 cm–1; LRMS (APCI+) exact mass calc’d for C11H21O+ (MH+) requires m/z 
169.2, found m/z 169.1.  
 
(±)-(1S,2R,3S,E)-2,3-dimethyl-1-((R*)-2-methyloxiran-2-yl)hex-4-en-1-ol: tert-Butyl 
hydroperoxide (5.5M solution in decane, 0.09 mL, 0.48 mmol) was slowly added to a 
solution of (±)-(3S,4R,5S,E)-2,4,5-trimethylocta-1,6-dien-3-ol (40 mg, 0.24 mmol) and 
vanadyl acetylacetonate (1.3 mg, 0.005 mmol) in CH2Cl2 (1.2 mL) at 0 °C.  After stirring 
at 0 °C for 12 h the reaction was filtered through a plug of silica with EtOAc and 
concentrated.  The crude oil was purified by silica gel chromatography (10% 
EtOAc/hexanes) to give the title compound as a clear oil (22 mg, 88:12 d.r., 0.12 mmol, 
50% yield). 1H NMR (400 MHz, CDCl3) ! 5.51–5.42 (m, 1H, HC=CHCHCH3), 5.35-
5.28 (m, 1H, H3CHC=CH), 3.87 (s, 1H, HOCH), 3.03 (d, J = 4.9 Hz, 1H, H2COC), 2.64 
(d, J = 4.8 Hz, 1H, H2COC), 2.25–2.18 (m, 1H, HC=CHCH(CH3)CH), 1.75 (s, 1H, 
HOC), 1.67 (dd, J = 6.3, 1.3 Hz, 3H, H3CHC=CH), 1.30 (s, 3H, H3CC), 1.00 (d, J = 6.8 
Hz, H3CCH), 0.85 (d, J = 7.0 Hz, 3Hz, H3CCH).  13C NMR (100 MHz, CDCl3) ! 136.1, 
124.4, 71.3, 50.4, 39.9, 39.8, 18.6, 18.6, 18.0, 10.3;  IR (thin film) 3456, 2959, 2924, 
2853, 1454, 1378, 1237, 1038, 978, 795 cm-1; LRMS (APCI+) exact mass calc’d for 
C11H21O2+ (MH+) requires m/z 185.2, found m/z 185.2. 
 
(±)-(R)-2-((1S,2R,3S,E)-1-(benzyloxy)-2,3-dimethylhex-4-enyl)-2-methyloxirane 















and n-tetrabutylammonium iodide (2.2 mg, 0.006 mmol) were added to a solution of (±)-
(1S,2R,3S,E)-2,3-dimethyl-1-((R)-2-methyloxiran-2-yl)hex-4-en-1-ol (22 mg, 88:12 d.r., 
0.12 mmol) and benzyl bromide (31µL, 0.18 mmol ) in THF (0.4 mL) at –78 °C.  After 
30 min the reaction was warmed to room temperature and stirred for 12 h.  The reaction 
was quenched by the addition of a saturated NH4Cl solution and diluted with EtOAc.  
The layers were separated and the organic phase was washed with brine, dried with 
MgSO4, and concentrated.  The crude oil was purified by silica gel chromatography (50% 
toluene/hexanes) to yield the title compound as a yellow oil (30 mg, 0.11 mmol, 88:12 
d.r., 91% yield). 1H NMR (300 MHz, CDCl3) !  7.38–7.28 (m, 5H, ArH), 5.38–5.32 (m, 
2H, H3CHC=CHCH), 4.77 (d, J = 11.3 Hz, 1H, PhCH2O), 4.39 (d, J = 11.3 Hz, 1H, 
PhCH2O), 3.45 (d, J = 3.9 Hz, 1H, BnOCH), 2.97 (d, J = 5.4 Hz, 1H, H2COC), 2.61 (d, J 
= 5.4 Hz, 1H, H2COC), 2.37–2.29 (m, 1H, HC=CHCH(CH3)CH), 1.68-1.58 (m, 5H,  
H3CHC=CH, CHCH(CH3)CH), 1.34 (s, 3H, H3CC), 0.96 (d, J = 6.8 Hz, 3H, H3CCH), 
0.93 (d, J = 6.9 Hz, 3H, H3CCH).  13C NMR (100 MHz, CDCl3) ! 139.4, 136.8, 128.2, 
127.3, 124.2, 80.9, 73.5, 58.0, 51.5, 40.9, 38.9, 18.7, 18.0, 17.7, 11.0; IR (thin film) 3023, 
2969, 2929, 1455, 1378, 1127, 1066, 1028, 969 cm-1; LRMS (APCI+) exact mass calc’d 
for C18H27O2+ (MH+) requires m/z 275.2, found m/z 275.0. 
 
(Z)-1-(benzyloxy)oct-6-en-2-one:  (Z)-1-iodohex-4-ene (1.73 g, 8.2 mmol) was slowly 
added to magnesium turnings (220 mg) in diethyl ether (16.4 mL).  After the addition 
was complete the reaction was heated at reflux for 1 h before being cooled to 0 ºC.  A 






ether (3 mL) was added and the reaction was allowed warmed to room temperature and 
stirred for 24 h.  After cooling to 0 ºC, a 1 M HCl solution was added to quench the 
reaction and the mixture was diluted with EtOAc.  The layers were separated and the 
organic phase was washed with water, saturated NaHCO3, and brine.  The solution was 
dried with MgSO4 and concentrated.  The crude oil was purified by silica gel 
chromatography (5-10% EtOAc/Hexanes) to yield the title compound as a clear oil (590 
mg, 2.54 mmol, 85% yield). 1H NMR (400 MHz, CDCl3) ! 7.39–7.29 (m, 5H, ArH), 
5.50–5.43 (m, 1H, H3CHC=CHCH2), 5.36–5.30 (m, 1H, H3CHC=CHCH2), 4.59 (s, 2H, 
PhCH2O), 4.06 (s, 2H, OCH2CO), 2.46 (t, J =  7.4 Hz, 2H, COCH2CH2), 2.06 (q, J = 7.3 
Hz, 2H, CH2CH=CH), 1.66 (tt, J = 7.4, 7.4 Hz, 2H, CH2CH2CH2), 1.58 (dt, J = 6.8, 0.8 
Hz, 3H, H3CHC=CH);  13C NMR (100 MHz, CDCl3) ! 208.7, 137.2, 129.4, 128.5, 128.0, 
127.9, 124.8, 74.9, 73.3, 38.2, 26.1, 23.0, 12.7; IR (thin film) 3012, 2931, 2860, 1719, 
1497, 1454, 1402, 1369, 1208, 1100, 1028, 738, 698 cm-1; LRMS (APCI+) exact mass 
calc’d for C15H21O2+ (MH+) requires m/z 233.2, found m/z 233.2. 
 
(Z)-2-(benzyloxymethyl)-2-(hex-4-enyl)oxirane (Table 3, entry 6):  A suspension of 
NaH (60% dispersion in mineral oil, 13.2 mg, 0.33 mmol) and trimethylsulfoxonium 
iodide (72.6 mg, 0.33 mmol) in THF (2.2 mL) was heated at reflux for 2 h.  The reaction 
was then cooled to 0 ºC and a solution of (Z)-1-(benzyloxy)oct-6-en-2-one (50.0 mg, 0.22 
mmol) in THF (0.5 mL) was added. After stirring at 0 ºC for 5 h the reaction was 
quenched with saturated NH4Cl and diluted with EtOAc.  The layers were separated and 






crude oil was purified by silica gel chromatography (5% EtOAc/hexanes) to yield the title 
compound as a yellow oil (33.3 mg, 0.14 mmol, 61% yield). 1H NMR (400 MHz, CDCl3) 
! 7.37–7.27 (m, 5H, ArH), 5.49–5.42 (m, 1H, H3CHC=CHCH2), 5.38–5.31 (m, 1H, 
H3CHC=CH), 4.59 (d, J = 12.0 Hz, 1H, PhCH2O), 4.53 (d, J = 12.0 Hz, 1H, PhCH2O), 
3.60 (d, J = 11.0 Hz, 1H, OCH2C(OCH2)), 3.48 (d, J = 11.0 Hz, 1H, OCH2C(OCH2)), 
2.72 (d, J = 4.8 Hz, 1H, CCH2O), 2.65 (d, J = 4.8 Hz, 1H, CCH2O), 2.05 (q, J = 7.3 Hz, 
2H, HC=CHCH2CH2), 1.87–1.78 (m, 1H, CH2CH2C(CH2O)), 1.64–1.55 (m, 5H, 
H3CHC=CH, CH2CH2C(CH2O)), 1.48–1.39 (m, 2H, CH2CH2CH2). 13C NMR (100 MHz, 
CDCl3) ! 138.0, 129.9, 128.4, 127.7, 124.3, 73.2, 71.9, 58.5, 50.2, 31.5, 26.8, 24.5, 12.8. 
IR (thin film) 3011, 2929, 2858, 1496, 1454, 1371, 1094, 1050, 879, 802, 736, 697 cm–1; 




(4.66 g, 22.2 mmol) was slowly added to magnesium turnings (0.59 g, 24.2 mmol) in 
diethyl ether (50 mL).  After the addition was complete the reaction was heated at reflux 
for 2 h before being cooled to 0 ºC.  A solution of (S)-2-((tert-butyldimethylsilyl)oxy)-N-
methoxy-N-methyl-2-phenylacetamide14 (5.50 g, 17.8 mmol) was added and the reaction 
was warmed to room temperature and stirred for 14 h.  After cooling to 0 ºC, 1 M HCl 
solution was added to quench the reaction and the mixture was diluted with EtOAc.  The 
layers were separated and the organic phase was washed with water, saturated NaHCO3, 






purified by silica gel chromatography (40% EtOAc/hexanes) to yield the homocoupled 
product (2Z,10Z)-dodeca-2,10-diene (0.92 g), recovered Weinreb amide (2.88 g, 52% 
recovery), and the title compound as a clear oil (1.66 g, 4.99 mmol, 28% yield). 1H NMR 
(CDCl3, 400 MHz) ! 7.41 (d, J = 7.4 Hz, 2H, ArH), 7.35–7.28 (m, 3H, ArH), 5.43–5.36 
(m, 1H, HC=CH), 5.31–5.23 (m, 1H, HC=CH), 5.06 (s, 1H, CHOTBS), 2.64–2.42 (m, 
2H, (C=O)CH2), 1.94–1.89 (m, 2H, C=CHCH2), 1.56–1.47 (2H, CH2CH2CH2), 0.95 (s, 
9H, C(CH3)3), 0.09 (s, 3H, SiCH3), –0.02 (s, 3H, SiCH3);  13C NMR (CDCl3, 100 MHz) 
! 210.8, 138.8, 129.7, 128.4, 127.9, 125.9, 124.5, 81.1, 35.3, 26.1, 25.7, 23.0, 18.2, 12.7, 
–4.9, –5.2; IR (thin film) 3013, 2954, 2930, 2895, 2858, 1719, 1493, 1471, 1452, 1407, 
1361, 1255, 1191, 1141, 1098, 1070, 871, 838, 779, 699 cm-1. 
 
(R,Z)-tert-butyldimethyl((2-methylene-1-phenyloct-6-en-1-yl)oxy)silane: n-
Butyllithium (2.5 M solution in hexanes, 0.24 mL, 0.60 mmol) was added dropwise to 
methyltriphenylphosphonium bromide (214 mg, 0.60 mmol) in THF (2 mL) at –78 ºC.  
After stirring for 2 h, a solution of (S,Z)-1-((tert-butyldimethylsilyl)oxy)-1-phenyloct-6-
en-2-one (66.5 mg, 0.20 mmol) in THF (1 mL) was slowly added and the reaction was 
warmed to room temperature.  The mixture was quenched with sat. NH4Cl after 40 h and 
diluted with EtOAc.  The layers were separated and the organic phase was washed with 
brine, dried with Na2SO4, and concentrated.  The crude material was purified by silica gel 
chromatography (2–5% EtOAc/hexanes) to yield the title compound (55.5 mg, 0.17 
mmol, 84% yield). 1H NMR (CDCl3, 300 MHz) ! 7.35–7.20 (m, 5H, ArH), 5.45–5.26 





2.00–1.89 (m, 3H, CCH2, C=CHCH2), 1.83–1.72 (m, 1H, C=CHCH2), 1.45–1.35 (m, 2H, 
CH2CH2CH2), 0.91 (s, 9H, C(CH3)3), 0.06 (s, 3H, SiCH3), –0.05 (s, 3H, SiCH3); 13C 
NMR (CDCl3, 75 MHz) ! 151.8, 143.4, 130.4, 127.9, 126.9, 126.3, 123.9, 109.6, 78.3, 
30.1, 27.7, 26.7, 25.8, 18.3, 12.7, –4.9, –5.0; IR (thin film) 3014, 2955, 2930, 2886, 2857, 
1647, 1471, 1462, 1361, 1254, 1091, 1066, 901, 871, 836, 776, 699 cm-1. 
 
(R,Z)-2-methylene-1-phenyloct-6-en-1-ol: Tetra-n-butylammonium fluoride (1.0 M in 
THF, 0.75 mL, 0.75 mL) was added to a solution of (R,Z)-tert-butyldimethyl((2-
methylene-1-phenyloct-6-en-1-yl)oxy)silane (107 mg, 0.325 mmol) in THF (2 mL) at 
room temperature.  After stirring for 14 h the reaction was diluted with sat. NH4Cl and 
EtOAc.  The layers were separated and the organic phase was washed with brine, dried 
with Na2SO4, and concentrated.  The crude material was purified by silica gel 
chromatography (5–20% EtOAc/hexanes) to yield the title compound as a pale yellow oil 
(63.4 mg, 0.29 mmol, 90% yield). 1H NMR (CDCl3, 300 MHz) ! 7.39–7.27 (m, 5H, 
ArH), 5.48–5.27 (m, 3H, HC=CH, C=CH2), 5.16 (d, J = 3.2 Hz, 1H, C=CH2), 4.99 (s, 
1H, CHOH), 2.02–1.81 (m, 4H, C=CCH2, C=CHCH2), 1.56 (d, J = 6.5 Hz, 3H, CH3), 
1.51–1.41 (m, 2H, CH2CH2CH2); 13C NMR (CDCl3, 100 MHz) ! 150.9, 142.1, 130.2, 
128.4, 127.7, 126.6, 124.1, 109.8, 31.4, 27.7, 26.5, 12.7; IR (thin film) 3369, 3012, 2931, 
2860, 1651, 1453, 1189, 1024, 904, 762, 699 cm-1. 
 








(5.5 M solution in decane, 0.12 mL, 0.67 mmol) was slowly added to a solution of  (R,Z)-
2-methylene-1-phenyloct-6-en-1-ol (72.5 mg, 0.335 mmol) and vanadyl acetylacetonate 
(1.8 mg, 0.007 mmol) in CH2Cl2 (1.7 mL) at 0 °C.  After stirring at 0 °C for 15 h the 
reaction was filtered through a plug of silica with EtOAc and concentrated.  The crude oil 
was purified by silica gel chromatography (20% EtOAc/hexanes) to give the title 
compound as a pale yellow oil (54.9 mg, 0.24 mmol, 71% yield). 1H NMR (400 MHz, 
CDCl3) ! 7.38–7.32 (m, 5H, ArH), 5.49–5.40 (m, 1H, HC=CH), 5.35–5.24 (m, 1H, 
HC=CH), 4.81 (s, 1H, CHOH), 3.15 (d, J = 4.6, 1H, CH2O), 2.71 (d, J = 4.6 Hz, 1H, 
CH2O), 2.50 (d, J = 1.2 Hz, 1H, OH), 1.97 (dd, J = 7.3, 14.5 Hz, 2H, CH=CHCH2), 1.70–
1.29 (m, 7H, CCH2CH2, CH3); 13C NMR (CDCl3, 100 MHz) ! 139.7, 129.7, 128.5, 
128.3, 127.3, 124.5, 72.9, 62.3, 48.6, 30.4, 26.7, 23.8, 12.7; IR (thin film) 3453, 3011, 
2938, 2863, 1494, 1453, 1404, 1382, 1323, 1228, 1196, 1051, 959, 800, 771, 700 cm-1. 
 
(R)-2-((Z)-hex-4-en-1-yl)-2-((S)-methoxy(phenyl)methyl)oxirane (Table 3, entry 7): 
Sodium hydride (60% dispersion in mineral oil, 8.4 mg, 0.21 mmol) was added in one 
portion to a solution of (S)-((R)-2-((Z)-hex-4-en-1-yl)oxiran-2-yl)(phenyl)methanol (19.5 
mg, 0.084 mmol) and iodomethane (13.1 µL, 0.21 mmol) in THF (0.35 mL) at –78 ºC.  
After 15 min the reaction was warmed to room temperature for 1 h before cooling to 0 ºC 
and quenching with a saturated NH4Cl solution.  The mixture was extracted with EtOAc 
and the organic layer was washed with brine, dried with Na2SO4, and concentrated.  The 
crude material was purified by silica gel chromatography (5% EtOAc/hexanes) to yield 






7.39–7.29 (m, 5H, ArH), 5.47–5.23 (m, 2H, HC=CH), 4.18 (s, 1H, CHOH), 3.27 (s, 3H, 
OCH3), 2.79 (d, J = 5.1 Hz, 1H, CH2O), 2.65 (d, J = 5.1 Hz, 1H, CH2O), 1.96 (dd, J = 
7.2, 14.4 Hz, 2H, CH=CHCH2), 1.73–1.25 (m, 7H, CCH2CH2, C=CHCH3); 13C NMR 
(CDCl3, 100 MHz) ! 138.1, 130.0, 128.2, 128.1, 127.7, 124.2, 84.4, 60.5, 57.4, 49.8, 
30.4, 26.8, 24.0, 12.7; IR (thin film)  2932, 2860, 1453, 1198, 1100, 979, 700 cm-1. 
 
(2E,7Z)-nona-2,7-dien-4-ol: (Z)-6-iodohex-2-ene (2.63 g, 13.4 mmol) was slowly added 
to magnesium turnings (360 mg, 14.8 mmol) in diethyl ether (27 mL).  After the addition 
was complete the reaction was heated at reflux for 1 h before being cooled to –78 ºC.  
Crotonaldehyde (1.33 mL, 16.1 mmol) was added dropwise and then the reaction was  
warmed to 0 ºC.  After 1.5vh the reaction was quenched with 1 M HCl and diluted with 
EtOAc.  The layers were separated and the organic phase was washed with water, 
saturated NaHCO3, and brine, dried with Na2SO4, and concentrated.  The crude oil was 
purified by silica gel chromatography (10% EtOAc/Hexanes) to yield the title compound 
as a clear oil (545 mg, 3.9 mmol, 29% yield).  1H NMR (CDCl3, 300 MHz) ! 5.73–5.61 
(m, 1H, HC=CH), 5.53–5.35 (m, 3H, HC=CH, HC=CH), 4.10–4.02 (m, 1H, CHOH), 
2.15–2.07 (m, 2H, HC=CHCH2), 1.70 (d, J = 6.4 Hz, 3H, HC=CHCH3), 1.67–1.47 (m, 
5H, CH2CH2, H3CHC=CH), 1.43 (d, J = 3.7 Hz, 1H, OH); 13C NMR (CDCl3, 75 MHz) ! 
134.1, 130.0, 126.9, 124.4, 72.7, 36.9, 23.0, 17.7, 12.8; IR (thin film) 3330, 3013, 2920, 
2858, 1448, 1058, 1012, 965, 923, 702 cm–1; LRMS (APCI+) exact mass calc’d for 







(±)-(S,Z)-1-((2S,3S)-3-methyloxiran-2-yl)hex-4-en-1-ol: tert-Butyl hydroperoxide (5.5 
M solution in decane, 1.42 mL, 7.8 mmol) was slowly added to a solution of  (2E,7Z)-
nona-2,7-dien-4-ol (545 mg, 3.9 mmol) and vanadyl acetylacetonate (20.7 mg, 0.08 
mmol) in CH2Cl2 (20 mL) at 0 °C.  After stirring at 0 °C for 12 h the reaction was filtered 
through a plug of silica with EtOAc and concentrated to give the desired product as a 
mixture of separable diastereomers (2:1 d.r.).  The crude oil was purified by silica gel 
chromatography (5% acetone/CH2Cl2) to give the title compound as a clear oil (224 mg, 
1.44 mmol, 37% yield). 1H NMR (CDCl3, 400 MHz) ! 5.53–5.46 (m, 1H, HC=CH), 
5.43–5.37 (m, 1H, HC=CH), 3.81–3.78 (m, 1H, CHOH), 3.10–3.05 (m, 1H, 
CH(O)CHCH3), 2.74 (dd, J = 1.9, 2.4 Hz, 1H, CHCH(O)CH), 2.22 (q, J = 8.0 Hz, 2H, 
HC=CHCH2), 1.86 (s, 1H, OH), 1.69–1.53 (m, 5H, CH2CH2, H3CHC=CH), 1.33 (d, J = 
5.3, 3H, CHCH3); 13C NMR (CDCl3, 75 MHz) ! 129.6, 124.8, 68.2, 61.8, 51.0, 22.7, 
17.2, 12.7 ; IR (thin film) 3439, 3012, 2966, 2927, 2861, 1736, 1447, 1380, 1275, 1093, 
1025, 1000, 950, 859, 705 cm–1; LRMS (APCI+) exact mass calc’d for C9H16O2+ (MH+) 
requires m/z 157.1, found m/z 156.8. 
 
(±)-(2R,3S)-2-((S,Z)-1-(benzyloxy)hex-4-enyl)-3-methyloxirane (Table 4, entry 1):  
To a solution of (±)-((S,Z)-1-((2S,3S)-3-methyloxiran-2-yl)hex-4-en-1-ol (225 mg, 1.44 
mmol) and benzyl bromide (0.26 mL, 2.16 mmol ) in THF (5.0 mL) at –78 °C was added 
sodium hydride (60% dispersion in mineral oil, 144 mg, 3.6 mmol) and n-









allowed to warm to room temperature and stirred for 20 h.  The reaction was quenched by 
the addition of saturated NH4Cl and diluted with EtOAc.  The layers were separated and 
the organic phase was washed with brine, dried with MgSO4, and concentrated.  The 
crude oil was purified by silica gel chromatography (5% EtOAc/hexanes) to yield the title 
compound as a clear oil (263 mg, 1.07 mmol, 74% yield).  1H NMR (CDCl3, 300 MHz) ! 
7.35–7.27 (m, 5H, ArH), 5.47–5.37 (m, 2H, HC=CH), 4.63 (d, J = 11.7 Hz, 1H, 
PhCH2O), 4.51 (d, J = 11.7 Hz, 1H, PhCH2O), 3.20 (q, J = 6.2 Hz, 1H, CHOBn), 2.94–
2.92 (m, 1H, CH(O)CHCH3), 2.63 (dd, J = 2.1, 6.0 Hz, 1H, CHCH(O)CH), 2.21 (q, J = 
6.0 Hz, 2H, HC=CHCH2), 1.73–1.66 (m, 2H, CH2CH2), 1.61 (d, J = 6.2 Hz, 3H CHCH3); 
13C NMR (CDCl3, 100 MHz) ! 138.7, 129.9, 128.4, 127.6, 124.4, 78.1, 72.3, 60.7, 53.6, 
32.6, 22.5, 17.3, 12.8; IR (thin film) 3012, 2965, 2921, 2859, 1454, 1380, 1346, 1101, 
1071 1027, 952, 858, 734, 698 cm–1; LRMS (APCI+) exact mass calc’d for C16H22O2+ 
(MH+) requires m/z 247.2, found m/z 246.9. 
 
(±)-(R)-1-((2R,3R)-3-phenyloxiran-2-yl)pent-4-en-1-ol: tert-Butyl hydroperoxide (5.5 
M in nonane, 3.64 mL, 20 mmol) was slowly added to VO(acac)2 (53 mg, 0.20 mmol) 
and (E)-1-phenylhepta-1,6-dien-3-ol{Palmer} (~10 mmol) in CH2Cl2 (50 mL) at 0 ºC.  
After stirring for 17 h the reaction was filtered through a plug of silica and concentrated.  
The crude material was purified by silica gel chromatography (10-30% EtOAc/hexanes) 
to yield the title compound as an oil (0.80 g, 3.9 mmol, 39% yield). 1H NMR (CDCl3, 
300 MHz) 7.39–7.26 (m, 5H, ArH), 5.89–5.80 (m, 1H, HC=CH2), 5.10–4.97 (m, 2H, 
HC=CH2), 4.03–3.97 (m, 2H, CHOH, PhCH), 3.10–3.08 (m, OCHCHOH), 2.36–2.17 







(±)-(2R,3R)-2-((R)-1-(benzyloxy)pent-4-en-1-yl)-3-phenyloxirane (Table 4, entry 2): 
Sodium hydride (60% suspension in mineral oil, 392 mg, 9.8 mmol) was added to (±)-
(R)-1-((2R,3R)-3-phenyloxiran-2-yl)pent-4-en-1-ol (0.80 g, 3.9 mmol), benzyl bromide 
(0.71 mL, 5.9 mmol), and tetra-n-butylammonium iodide (144 mg, 0.39 mmol) in THF 
(12 mL) at –78 ºC.  The reaction was warmed to 2 H before being quenched at 0 ºC with 
a saturated solution on NH4Cl.  The resulting mixture was diluted with water and 
extracted with EtOAc.  The organic phase was washed with brine, dried with MgSO4, and 
concentrated.  Purification by silica gel chromatography (60-100% toluene/hexanes) 
yielded the title compound (760 mg, 2.58 mmol, 66% yield).  1H NMR (CDCl3, 300 
MHz) 7.39–7.24 (m, 10H, ArH), 5.89–5.75 (m, 1H, HC=CH2), 5.06–4.95 (m, 2H, 
HC=CH2), 4.73 (d, J = 11.7 Hz, 1H, PhCH2), 4.54 (d, J = 11.7 Hz, 1H, PhCH2), 3.86 (d, J 
= 2.1 Hz, 1H, PhCH), 3.50–3.44 (m, 1H, BnOCH), 3.00 (dd, J = 2.0, 5.3 Hz, 1H, 
BnOCHCH), 2.38–2.13 (m, 2H, H2C=CHCH2), 1.86–1.69 (m, 2H, BnOCHCH2). 
 
(Z)-(2-(hex-4-en-1-yl)oxiran-2-yl)methanol (Table 4, entry 3): tert-Butyl 
hydroperoxide (5.5 M solution in decane, 0.15 mL, 0.80 mmol) was slowly added to a 
solution of  (Z)-2-methyleneoct-6-en-1-ol (56 mg, 0.40 mmol) and vanadyl 
acetylacetonate (2.0 mg, 0.008 mmol) in CH2Cl2 (2 mL) at 0 °C.  After stirring at 0 °C 









The crude oil was purified by silica gel chromatography (20% EtOAc/hexanes) to give 
the title compound as a clear oil (31 mg, 0.20 mmol, 50% yield). 
 
(Z)-dodec-10-en-6-one: (Z)-1-iodohex-4-ene (842 mg, 4 mmol) was slowly added to 
magnesium turnings (107 mg, 4.4 mmol) in diethyl ether (8 mL).  After the addition was 
complete the reaction was heated at reflux for 1 h before cooling to 0 ºC.  A solution of 
N-methoxy-N-methylhexanamide15 (319 mg, 2 mmol) in ether (1 mL) was added and the 
reaction was warmed to room temperature and stirred for 18 h.  After cooling to 0 ºC, a 1 
M HCl solution was added to quench the reaction and the mixture was diluted with 
EtOAc.  The layers were separated and the organic phase was washed with water, 
saturated NaHCO3, and brine.  The solution was dried with MgSO4 and concentrated.  
The crude oil was purified by silica gel chromatography (5% EtOAc/Hexanes) to yield 
the title compound as a clear oil (272 mg, 1.49 mmol, 74% yield). 1H NMR (CDCl3, 400 
MHz) ! 5.51–5.44 (m, 1H, HC=CH), 5.38–5.31 (m, 1H, HC=CH), 2.39 (q, J = 7.2 Hz, 
4H, CH2COCH2), 2.05 (q, J = 7.2 Hz, 2H, HC=CHCH2), 1.67–1.53 (m, 7H, 
CH2CH2COCH2CH2, HC=CHCH3), 1.35–1.21 (m, 4H, CH2CH2CH2), 0.89 (t, J = 6.9 Hz, 
3H, CH2CH3); 13C NMR (CDCl3, 100 MHz) ! 211.4, 129.6, 124.6, 42.8, 42.0, 31.4, 26.1, 
23.5, 22.4, 13.9, 12.7; IR (thin film) 3013, 2932, 2861, 1715, 1457, 1408, 1371, 1128, 









(Z)-2-(hex-4-enyl)-2-pentyloxirane (Table 4, entry 4): A solution of KOtBu (258 mg, 
2.3 mmol) in DMSO (0.5 mL) was slowly added to a solution of (Z)-dodec-10-en-6-one 
(209.2 mg, 1.15 mmol) and trimethylsulfoxonium iodide (506 mg, 2.3 mmol) in DMSO 
(4.5 mL) at room temperature.  After stirring for 28 h, the reaction was quenched by the 
addition of water and the mixture was extracted 3 times with CH2Cl2. The organic phase 
was then washed with brine, dried with Na2SO4, and concentrated.  The crude oil was 
purified by silica gel chromatography (5% EtOAc/Hexanes) to yield the title compound 
as a clear oil (133 mg, 0.68 mmol, 59% yield). 1H NMR (CDCl3, 400 MHz) ! 5.48–5.42 
(m, 1H, HC=CH), 5.39–5.34 (m, 1H, HC=CH), 2.57 (s, 2H, CCH2O), 2.05 (q, 7.2 Hz, 
2H, HC=CHCH2), 1.66–1.25 (m, 15H, CH2CH2), 0.89 (t, J = 6.7 Hz, 3H, CH2CH3); 13C 
NMR (CDCl3, 100 MHz) ! 130.0, 124.2, 59.4, 52.5, 34.2, 33.7, 31.9, 26.8, 24.7, 24.5, 
22.5, 13.9, 12.7; IR (thin film) 3013, 2933, 2860, 1461, 1378, 932, 804, 703 cm-1; MS 
(APCI+) exact mass calc’d for C13H25O+ (MH+) requires m/z 197.19, found m/z 197.09. 
 
cis-crotyl glycidyl ether (Table 4, entry 5): Following the procedure of Yang,16 
epichlorohydrin (3.75 mL, 48 mmol) was slowly added to a solution of cis-crotyl 
alcohol17 (865 mg, 12 mmol) and tetra-n-butylammonium bromide (193 mg, 0.60 mmol) 
in 40% aqueous NaOH (16 mL) at 0 ºC. After stirring for 24 h the reaction was diluted 
with water and extracted three times with EtOAc.  The combined organic phases were 









purified by fractional distillation (bp = 95 ºC @ 50 torr) to yield the title compound as a 
clear oil (1.38 g, 10.8 mmol, 90% yield). 1H NMR (CDCl3, 300 MHz) ! 5.74–5.52 (m, 
2H, HC=CH), 4.17–4.06 (m, 2H, C=CHCH2), 3.72 (dd, J = 3.0, 11.4 Hz, 1H, OCH2CH), 
3.41 (dd, J = 5.9, 11.3 Hz, 2H, OCH2CH), 3.20–3.12 (m, 1H, CH2CHO), 2.81 (dd, J = 
4.1, 5.0 Hz, 1H, H2C(O)CH), 2.62 (dd, J = 2.6, 5.0, 1H, H2C(O)CH), 1.68 (d, J = 1.5 Hz, 
1H, CH3). 
 
(±)-(S)-2-((R)-1-(benzyloxy)-5-methylhex-4-en-1-yl)oxirane (Table 4, entry 6): Tosyl 
chloride (1.22 g, 6.40 mmol) and 4-(dimethylamino)pyridine (12.2 mg, 0.10 mmol) were 
added to a solution of (±)-((2R,3R)-3-(4-methylpent-3-en-1-yl)oxiran-2-yl)methanol 
(0.80 g, 5.1 mmol) and NEt3 (1.78 mL, 12.8 mmol) in CH2Cl2 (17 mL) at 0 ºC.  After 
stirring at 0 ºC for 16 h, the reaction was quenched with saturated NaHCO3.  The layers 
were separated and the organic phase was dried with MgSO4 and concentrated.  The 
crude oil was quickly purified on a short column of silica (20% EtOAc/Hexanes) to yield 
the desired epoxy tosylate (1.33 g, 4.28 mmol, 84% yield). 
 BF3•Et2O (53 µL, 0.43 mmol) and benzyl alcohol (1.11 mL, 10.7 mmol) were 
added to the epoxy tosylate (1.33 g, 4.28 mmol) in CH2Cl2 (10 mL) at 0 ºC.  The reaction 
was allowed to warm to room temperature and concentrated after stirring for 18 h.  The 
residue was taken up in methanol (10 mL) and K2CO3 (1.19 g, 8.6 mmol) was added at 
room temperature.  After stirring for 5 h the mixture was concentrated and the residue 
was taken up in EtOAc and water.  The layers were separated and the organic phase was 







silica gel chromatography (0–10% EtOAc/hexanes) to yield the title compound as a clear 
oil (654 mg, 2.65 mmol, 62% yield).  1H NMR (400 MHz, CDCl3) ! 7.40–7.27 (m, 5H, 
ArH), 5.10 (t, J = 6.0 Hz, 1H, C=CH), 4.66 (d, J = 11.6 Hz, 1H, PhCH2O), 4.49 (d, J = 
11.6 Hz, 1H, PhCH2O), 3.28 (dd, J = 6.0, 11.6 Hz), 2.95–2.93 (m, 1H, BnOCH), 2.78 
(dd, J = 4.0, 5.2 Hz, 1H, H2C(O)CH), 2.73 (dd, J = 2.6, 5.4 Hz, 1H, H2C(O)CH), 2.23–
2.08 (m, 2H, C=CHCH2), 1.70–1.65 (m, 5H, CH2CHOBn, C=C(CH3)2), 1.60 (s, 3H, 
C=C(CH3)2). 
 
(±)-(3R,4R)-4-((S)-cyclohex-2-en-1-yl)pent-1-en-3-ol: A solution of vinyl bromide (1.0 
M in THF, 5 mL, 5.0 mmol) was slowly added to magnesium turnings (129 mg, 5.3 
mmol) with gradual heating.  After the addition was complete, the reaction was heated to 
reflux for 30 min before being cooled to room temperature.  The solution of vinyl 
magnesium bromide was then slowly added to a solution of (±)-(R)-2-((S)-cyclohex-2-en-
1-yl)propanal18 (456 mg, 3.3 mmol) in THF (10 mL) at –78 ºC.  After 18 h the reaction 
was warmed to 0 ºC for 6 h before quenching with 1.0 M HCl.  The resulting mixture was 
extracted with EtOAc and the organic phase was washed with saturated NaHCO3 and 
brine, dried with MgSO4, and concentrated.    The crude material was purified by silica 
gel chromatography to yield the title compound as a 65:35 mixture of diastereomers (263 
mg, 1.58 mmol, 65:35 d.r., 48% yield).  Major diastereomer: 1H NMR (400 MHz, CDCl3) 
! 5.93–5.84 (m, 1H, HC=CH2), 5.79–5.70 (m, 1H, HC=CH), 5.64–5.57 (m, 1H, 
HC=CH), 5.28–5.14 (m, 1H, HC=CH2), 4.24–4.15 (m, 1H, CHOH), 2.30–2.21 (m, 1H, 






0.91 (d, J = 7.2 Hz, 3H, CH3); 13C NMR (CDCl3, 75 MHz) ! 140.6, 131.0, 128.1, 115.0, 
74.9, 43.0, 37.5, 25.3, 24.6, 21.8, 10.7; IR (thin film) 3397, 2931, 1653, 1559, 1540, 
1507, 1457, 989, 920, 721 cm-1. 
 
(1S,2R)-2-((S)-cyclohex-2-en-1-yl)-1-((R)-oxiran-2-yl)propan-1-ol: Following the 
procedure of Sharpless,4 titanium(IV) isopropoxide (56 µL, 0.19 mmol) was added to a 
solution of (±)-(3R,4R)-4-((S)-cyclohex-2-en-1-yl)pent-1-en-3-ol (312 mg, 2:1 d.r., 1.9 
mmol), (+)-diisopropyl L-tartrate (59 µL, 0.28 mmol), and 4 Å molecular sieves (80 mg) 
in CH2Cl2 (7.5 mL) at –20 ºC.  After 30 min, tert-butyl hydroperoxide (5.5 M in decane) 
was added and the reaction was stirred for 24 h before being warmed to 0 ºC. After an 
additional 52 h the reaction was warmed to room temperature and quenched with 1 mL of 
a 30% NaOH solution saturated with NaCl.  After stirring for 30 min the layers were 
separated and the aqueous phase was extracted twice with CH2Cl2.  The combined 
organic layers were dried with MgSO4 and concentrated.  The crude material was purified 
by silica gel chromatography (2% acetone/CH2Cl2) to recover starting material (172 mg, 
55% recovery) and yield the title compound as a 10:1 mixture of diastereomers (50 mg, 
10:1 d.r., 0.27 mmol, 14% yield). 1H NMR (400 MHz, CDCl3) ! 5.83–5.76 (m, 1H, 
HC=CH), 5.51–5.44 (m, 1H, HC=CH), 4.84–4.78 (m, 1H, CHOH), 3.20–3.14 (m, 1H, 
CH(O)CH2), 2.90–2.85 (m, 1H, CH(O)CH2), 2.82–2.76 (m, 1H, CH(O)CH2), 2.64–2.56 
(m, 1H, C=CHCH), 2.03–1.98 (m, 2H, HC=CHCH2), 1.83–1.28 (m, 5H, CH2CH2CH, 
CHCH3), 0.92 (d, J = 7.2 Hz, 3H, CH3); 13C NMR (CDCl3, 75 MHz) ! 131.5, 128.4, 






1376, 1265, 1069, 1033, 967, 875, 721 cm-1. 
 
(R)-2-((1S,2R)-1-(benzyloxy)-2-((S)-cyclohex-2-en-1-yl)propyl)oxirane (7): Sodium 
hydride (60% dispersion in mineral oil, 7.4 mg, 0.19 mmol) and tetra-n-butylammonium 
iodide (2.7 mg, 0.007 mmol) were added to a solution of (1S,2R)-2-((S)-cyclohex-2-en-1-
yl)-1-((R)-oxiran-2-yl)propan-1-ol (13.4 mg, 10:1 d.r., 0.074 mmol) and benzyl bromide 
(13 µL, 0.11 mmol) in THF (0.5 mL) at –78 ºC.  The reaction was warmed to room 
temperature after 10 min.  After stirring for 12 h the mixture was quenched with saturated 
NH4Cl solution and extracted with EtOAc. The organic phase was washed with brine, 
dried with Na2SO4, and concentrated.  The crude material was purified by silica gel 
chromatography (50% CH2Cl2/hexanes) to yield the title compound as a single 
diastereomer (20.5 mg, 0.073 mmol, 98% yield). 1H NMR (400 MHz, CDCl3) ! 7.36–
7.28 (m, 5H, ArH), 5.78–5.70 (m, 1H, HC=CH), 5.46–5.42 (m, 1H, HC=CH), 4.69 (d, J 
= 11.6 Hz, 1H, PhCH2O), 4.45(d, J = 11.6 Hz, 1H, PhCH2O), 3.26 (dd, J = 5.2, 8.0 Hz, 
1H, CHOBn), 3.05–3.02 (m, 1H, CH(O)CH2), 2.79 (d, J = 3.2 Hz, 2H, CH(O)CH2), 
2.64–2.54 (m, 1H, C=CHCH), 2.00–1.93 (m, 2H, C=CHCH2), 1.88–1.83 (m, 1H, 
CHCH3), 1.73–1.25 (m, 4H, CH2CH2CH), 0.92 (d, J = 7.2 Hz, 1H, CH3); 13C NMR 
(CDCl3, 100 MHz) ! 138.5, 131.8, 128.3, 128.1, 127.8, 127.6, 79.4, 73.0, 52.5, 44.6, 
41.6, 36.0, 25.2, 23.4, 22.0, 11.3; IR (thin film)  2926, 2878, 1454, 1091, 1073, 1028, 








(Z)-ethyl 2-(diethoxyphosphoryl)oct-6-enoate: Following the procedure of Borhan,19 a 
solution of triethylphosphonoacetate (3.1 mL, 15.6 mmol) in THF (5 mL) was slowly 
added to a suspension of NaH (60% suspension in mineral oil, 686 mg, 17.2 mmol) in 
THF (20 mL) at 0 ºC.  The reaction was then warmed to room temperature and stirred for 
1.5 h before the solution was cooled back to 0 ºC  and a solution of (Z)-1-iodohex-4-ene  
(1.65 g, 7.8 mmol) in THF (5 mL) was slowly added.  The reaction was heated to reflux 
for 16 h.  After cooling to 0 ºC, water was added to quench the reaction and the mixture 
was extracted 3 times with Et2O.  The combined organic phases were washed with brine, 
dried with Na2SO4, and concentrated.   The crude oil was purified by silica gel 
chromatography (75% EtOAc/hexanes) to yield the title compound as a clear oil (1.89 g, 
6.2 mmol, 79% yield). 1H NMR (CDCl3, 400 MHz) ! 5.49–5.42 (m, 1H, HC=CH), 5.38–
5.31 (m, 1H, HC=CH), 4.25–4.10 (m, 6H, OCH2CH3), 2.93 (ddd, J = 7.7, 11.1, 22.6 Hz, 
1H, COCHPO), 2.98–1.80 (m, 4H, HC=CHCH2, CH2CHCO), 1.59 (d, J = 6.7 Hz, 3H, 
HC=CHCH3), 1.48–1.27 (m, 11H, OCH2CH3, CH2CH2CH2); 13C NMR (CDCl3, 100 
MHz) ! 169.2, 129.5, 124.4, 62.5, 61.2, 46.3, 45.0, 28.2, 28.1, 26.5, 26.2, 16.3, 14.1, 
12.7; IR (thin film) 2982, 2934, 2865, 1735, 1445, 1392, 1368, 1331, 1257, 1152, 1097, 
1051, 1025, 966, 852, 792, 105 cm-1; LRMS (APCI+) exact mass calc’d for C14H28O5P+ 










(Z)-ethyl 2-methyleneoct-6-enoate: K2CO3 (207 mg, 1.5 mmol) and aqueous 
formaldehyde (37% solution in H2O, 0.22 mL, 3 mmol) were added to (Z)-ethyl 2-
(diethoxyphosphoryl)oct-6-enoate (230 mg, 0.75 mmol) in water (2.5 mL).  The mixture 
was heated to 80 ºC for 3 h.  After cooling to room temperature the reaction was 
extracted 3 times with Et2O.  The combined organic extracts were washed with brine, 
dried with MgSO4, and concentrated.  The crude oil was purified by silica gel 
chromatography (10% EtOAc/hexanes) to yield the title compound as a yellow oil (126 
mg, 0.69 mmol, 92% yield).  1H NMR (CDCl3, 400 MHz) ! 6.13 (s, 1H, C=CH2), 5.51 (s, 
1H, C=CH2), 5.49–5.34 (m, 2H, HC=CH), 4.21 (q, J = 7.1 Hz, 2H, OCH2), 2.31 (t, J = 
7.4, 2H, H2C=CCH2), 2.07 (q, J = 7.4 Hz, 2H, HC=CHCH2), 1.60 (d, J = 6.1 Hz, 3H, 
HC=CHCH3), 1.57–1.50 (m, 2H, CH2CH2CH2), 1.30 (t, J = 7.1 Hz, 3H, OCH2CH3); 13C 
NMR (CDCl3, 100 MHz) ! 167.3, 140.8, 130.0, 124.3, 124.2, 60.5, 31.4, 28.2, 26.3, 14.1, 
12.7; IR (thin film) 3013, 2981, 2930, 2861, 1719, 1632, 1446, 1405, 1369, 1274, 1183, 
1144, 1097, 1031, 941, 817, 707 cm-1; LRMS (APCI+) exact mass calc’d for C11H19O2+ 
(MH+) requires m/z 183.1, found m/z 182.9. 
 
(Z)-2-methyleneoct-6-en-1-ol (10): DIBAL-H (1 M in hexanes, 1.73 mL, 1.73 mmol) 
was added dropwise to a solution of (Z)-ethyl 2-methyleneoct-6-enoate (126 mg, 0.69 
mmol) in THF (1.4 mL) at –78 ºC.  After 1 h the reaction was warmed to 0 ºC, quenched 








overnight.  The layers were separated and the organic phase was washed with brine, dried 
with Na2SO4, and concentrated.  The crude oil was purified by silica gel chromatography 
(20% EtOAc/hexanes) to yield the title compound as a clear oil (77 mg, 0.55 mmol, 79% 
yield).  1H NMR (CDCl3, 400 MHz) ! 5.50–5.36 (m, 2H, HC=CH), 5.03 (s, 1H, C=CH2), 
4.88 (s, 1H, C=CH2), 4.08 (d, J = 6.0 Hz, HOCH2), 2.10–2.04 (m, 4H, H2C=CCH2, 
HC=CHCH2), 1.60 (dd, 3H, J = 0.7, 6.6 Hz, HC=CHCH3), 1.57–1.49 (m, 2H, 
CH2CH2CH2), 1.35 (t, J = 6.1 Hz, HO); 13C NMR (CDCl3, 100 MHz) ! 149.0, 130.2, 
124.2, 109.1, 65.9, 32.5, 27.6, 26.5, 12.7; IR (thin film) 3328, 3075, 3013, 2932, 2860, 
1655, 1443, 1404, 1228, 1060, 1023, 897, 698 cm-1; LRMS (APCI+) exact mass calc’d 
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Nucleophilic Acyl Substitution via Aromatic Cation Activation of Carboxylic Acids1 
 
Introduction 
The broad importance of carboxylic acid derivatives, particularly amides in 
peptide bonds, has resulted in significant research efforts directed towards their 
synthesis.2  While the direct dehydrative coupling of a free carboxylic acid and 
nucleophile is one of the most attractive strategies towards this class of compounds, the 
poor leaving group ability of the hydroxide ion can require high temperatures for the 
direct coupling to proceed (Figure 1).3  For the process to proceed under milder 
conditions carboxylic acids are generally activated by forming a more reactive species 
prone to nucleophilic acyl substitution.    The simplest form of activation is protonation 
with a strong acid, however these reactions are often limited by requiring a large excess 
of the nucleophile as in the Fischer esterification,4 or are challenging due to the basicity 
of the nucleophile as in the case of amines.   
 
Figure 1. Thermal formation of an amide. 
 
 
A large number of stoichiometric coupling reagents have been developed to 
overcome this challenge and facilitate the direct coupling of carboxylic acids and 
nucleophiles (Figure 2).5  One of the earliest reported reagents for this goal was N,N-


















in 1955.6   Since that disclosure, new reagents based on several different functionalities 
have been developed and often have tailored properties such as water solubility, low 
racemization, or are designed to be particularly effective for solid-phase synthesis.  Most 
of these compounds however suffer from drawbacks in that they are relatively expensive 
and have poor atom economy, producing chemical by-products that can in some cases be 
challenging to remove. 
 
Figure 2. Examples of common coupling reagents. 
 
 
Recent progress has been made towards the development of catalysts for direct 
acyl substitution that overcome the limitations of stoichiometric coupling reagents.7  
Particularly noteworthy, Hall and coworkers have developed boronic acid catalysts, 
specifically ortho-iodophenylboronic acid, to facilitate the direct condensation of an 
amine and carboxylic acid at ambient temperature (Figure 3).8  These catalysts have not 































Figure 3. Boronic acid-catalyzed direct amidation. 
 
 
One of the oldest and most common strategies for achieving nucleophilic acyl 
substitution is conversion of a carboxylic acid to an acid halide.  The high reactivity and 
the ease with which they can be derivatized to almost all other carboxylic acid derivatives 
has given acyl halides a prominent place in organic chemistry.  Many dehydrative 
conditions for forming acid chlorides, such as the use of thionyl chloride, oxalyl chloride, 
and phosphorous chloride, are classic reactions found in introductory textbooks and have 
been performed numerous times (Figure 4).9  The majority of these traditional methods 
however suffer from the generation of an equivalent of hydrochloric acid, making them 

















CH2Cl2, r.t., 2.5 h
91% yield
4 Å mol. sieves
10 mol%
! 163 
Figure 4. Known methods for acid chloride formation. 
 
 
Several methods have been developed to allow the formation of acid chlorides 
under neutral conditions, but many have significant limitations.  One common strategy 
relies on the formation of adducts with triphenylphosphine,10-13 however the 
triphenylphosphine oxide by-product of these reactions is notoriously difficult to remove.  
Other methods, such as the combination of cyanuric chloride and trialkylamine bases, 
suffer from long reaction times.14 High reactivity for forming acid chlorides under mild 
conditions has seldom been achieved, with exceptions being the use of tetramethyl-!-
halogenoenamines15 or an immonium chloride with amine base.16  These methods 
however both rely on reagents that lack easily modifiable structural and electronic 
properties, useful features for the development of synthetic methods.   
A new method that improves on these deficiencies for forming acyl chlorides 
would be of great utility to the synthetic community.  Also, new reagents that produce 
traceless or recyclable by-products would be a significant benefit compared to many of 


















































lack structural and 
electronic tunability
! 164 




The Lambert group recently initiated a research program utilizing aromatic ions 
for the development of new synthetic methods.1,17-21 These compounds are interesting 
molecules that satisfy Hückel’s rule for possessing aromatic stabilization and have an 
ionic charge.  Within this program my research has focused on aromatic cations, 
primarily cyclopropenium ions and related cyclopropenones (Figure 5). 
 
Figure 5. Cyclopropenium cations and cyclopropenones. 
 
 
Cyclopropenium cations, the smallest aromatic ion, and cyclopropenones have 
been well studied since Breslow first synthesized the triphenylcyclopropenium ion in 
1957.22-23 A number of different methods have been developed to construct these 
compounds and permit a wide range of substitution (Figure 6).  Carbene addition to 
alkynes, the first approach to these structures, can be used to make both symmetric and 
unsymmetric cyclopropenium cations and cyclopropenones.  These compounds can also 
be created from tetrachlorocyclopropene, a versatile commercially available starting 
material that already incorporates the three-membered ring.24  Treatment of this 










species that undergoes Friedel-Crafts arylations.25  Secondary amines can also be 
incorporated as they undergo substitution reactions with chlorocyclopropenes.26 One 
method that has been particularly useful for the large-scale syntheses of cyclopropenones 
is a Favorskii-type reaction of !,!’-dibromoketones.27  Cyclopropenones can also be 
converted to cyclopropenium ions through O-alkylation of the carbonyl to furnish 
cyclopropenium ethers.28  The flexibility provided through these multiple synthetic routes 
has facilitated detailed studies of the properties of these compounds. 
 
Figure 6.  Methods for synthesizing cyclopropenium ions and cyclopropenones. 
 
 
A particularly interesting feature of cyclopropenium cations is an equilibrium in 
which they shuttle between neutral and charged states through association with electron 








































evaluated through a cation’s pKR+ value, a measure that corresponds to the pH of an 
aqueous solution where the aromatic charge is half neutralized.29  The pKR+ value can 
also be interpreted as a measure of cation stability.  While the parent unsubstituted 
cyclopropenyl cation is relatively unstable with a pKR+ of –7.4,30 pKR+ values range to 
greater than +10 in the case of trisaminocyclopropenium ions, which are even stable in 
hot water.31  The tunability with regard to electronic and steric properties achievable by 
adjusting the ring substituents, in combination with the existing equilibrium process, 
makes these compounds attractive as potential reagents for organic synthesis. 
 
Figure 7. Cyclopropenium equilibrium and electronic tuning. 
 
  
In researching the application of aromatic ions as synthetic reagents, the Lambert 
group has initially focused on dehydrative reactions (Figure 8).  Towards this goal, 
alcohols were found to rapidly react with cyclopropenes bearing geminal leaving groups 
to form cyclopropenium ethers.  These cationic species effectively activate the alcohol 
towards nucleophilic substitution and this strategy has been employed to develop mild 



























pKR+ = –7.4 pKR+ = 3.1 pKR+ = 6.0 pKR+ ≈ 13
! 167 
Cyclopropenium activation has also been extended to dehydrative molecular 
rearrangements in the form of the Beckmann rearrangement, rapidly converting oximes to 
amides.19   As the derivatization of carboxylic acids is a dehydrative process with great 
importance in organic synthesis, we were interested in exploring the application of this 
strategy to nucleophilic acyl substitution. 
 




Analogous to the activation of alcohols, we envisioned a cyclopropene bearing 
geminal leaving groups, formed from the corresponding cyclopropenone, would exist in 
equilibrium with its ionized form (Figure 9). Reaction with a carboxylic acid would 


















































prone to nucleophilic acyl substitution, generating a cyclopropenone and the desired 
carboxylic acid derivative.  While this strategy had been successful for the activation of 
alcohols, it was not clear if it would function for mechanistically distinct acyl 
substitution.  The previous use of dichlorocyclopropene reagents prompted us to examine 
the formation of acid chlorides as a starting point for the study of this new reaction 
scheme. 
 





Results and Discussion 
 Our investigation of nucleophilic acyl substitution via aromatic cation activation 
began by studying the 3,3-dichlorocyclopropene utilized for the chlorination of 
alcohols.17  Treatment of propionic acid with 1.2 equivalents of 3,3-dichloro-1,2-
diphenylcyclopropene27,32 in CDCl3 at room temperature gave quantitative conversion to 
propionyl chloride and 2,3-diphenylcyclopropenone within 15 minutes, as observed by 
1H NMR (Figure 10).  This facile reaction demonstrated that aromatic ion activation is a 
potent strategy for acyl substitution of carboxylic acids.  While this reaction is presumed 




























species, including NMR studies, IR experiments, and the use of silver salts to limit 
chlorination, have all been unsuccessful.  
 
Figure 10.  Demonstration of acid chloride formation via cyclopropenium activation. 
 
 
Working with an undergraduate in our laboratory, Lyuda Kovalchuke, we chose 
to study the impact of cyclopropene structure on acyl substitution reactivity (Figure 11a).  
The dichlorocyclopropene reagents were quantitatively formed in situ at room 
temperature within 10 min through the action of oxalyl chloride on a solution of the 
corresponding cyclopropenone. This process alleviated the need to carefully store the 
moisture sensitive compounds. The conversion of pivalic acid to pivaloyl chloride was 
examined as the reaction rate was predicted to be slower than that observed for propionic 
acid due to the substrate’s increased steric bulk.  Indeed, the conversion with 
diphenylcyclopropene A was relatively inefficient, achieving only ~20% conversion after 
60 min.  A substantial rate increase was observed when the phenyl cyclopropene 
substituents were changed to isopropyl groups (cyclopropene C).  The rate of conversion 
was now similar to that obtained using oxalyl chloride alone (E).   This increase in rate 
correlates with the increase in pKR+ value that occurs when simple aryl groups are 
replaced with alkyl substituents.29  Supporting this trend, a mixed phenyl isopropyl 
cyclopropene B gave an intermediate rate between A and C.  The trend of increased rate 
of acyl substitution correlating with carbocation stability was found to have limits though 















(13%) over 60 min. The relationship between the rate of acid chloride formation and 
pKR+ values is likely a result of the balance between favoring the dissociation of a 
chloride to reveal a reactive cyclopropenium, while maintaining the electrophilicity of the 
cation for a facile reaction with the carboxylic acid. 
 






Having realized aromatic cation activation as an effective strategy for acid 
chloride formation, we investigated the impact of an amine base additive for maintaining 












































































chloride formation was significantly accelerated by the addition of an equivalent of 
Hünig’s base. The greatest efficiency was obtained with diisopropylcyclopropene C, 
completing pivaloyl chloride formation within 10 min and proceeding to 78% conversion.   
The incomplete conversion to the acid chloride is likely due to other reaction pathways 
and unrelated to the cyclopropenone formed in this process.  This is supported by control 
experiments in which 2,3-diisoproylcyclopropenone was not observed to react with 
pivaloyl chloride or impact its subsequent conversion to N-benzyl pivalamide.  
Interestingly, in the presence of base, the relative rates observed with cyclopropenes A 
and B no longer correlated with their pKR+ values. In contrast to the acceleration 
observed with cyclopropene reagents, the reactivity of oxalyl chloride E was retarded by 
the addition of base, illustrating a benefit of aromatic cation activation. 
 Given the successful results achieved with cyclopropenium activation, we also 
chose to examine whether tropylium ions could provide analogous reactivity (Figure 12).  
1,1-Dichlorocycloheptatriene was easily generated from tropone using oxalyl chloride in 
the same manner as with the cyclopropene reagents.  Treatment of this material with 
octanoic acid gave slow conversion to the corresponding acid chloride, reaching only 
60% conversion within 4 hours.  Repeating this experiment with the addition of an 
equivalent of Hünig’s base produced a complex mixture containing a small quantity 
(<10% ) of octanoyl chloride. Given the slower reaction rate and base sensitivity, we 





Figure 12. Tropylium activation of a carboxylic acid. 
 
 
 To demonstrate the synthetic utility of cyclopropenium activation for acid 
chloride formation, the process was incorporated into a mild method for the formation of 
amides from carboxylic acids (Table 1). Confirming the results of the rate experiments, 
optimization studies revealed that the addition of Hünig’s base increased the yield of the 
desired amide product obtained after reaction with benzylamine (entry 2). The amidation 
process was found to be most efficient with the diisopropylcyclopropene reagent (entry 
4), with similar results being obtained with 1,1-dichloro-2,3-dimesitlycyclopropene 
derived from a commercially available cyclopropenone (entry 3). The amidation 
proceeded in a variety of solvents with dichloromethane producing the highest yield 
(entries 4-7).  As the cyclopropenone generated following nucleophilic acyl substitution 
is the precursor for the dichlorocyclopropene reagents, we made initial efforts to develop 
a method employing a catalytic amount of cyclopropenone in combination with oxalyl 
chloride.  These reactions however did not exhibit the same degree of acceleration 
observed for the stoichiometric reagents and this approach was put aside in favor of 



























Table 1. Amidation optimization studies. 
 
 
With optimized reaction conditions in hand, we turned towards exploring the 
reaction scope of the amidation process (Table 2).  The amide formation proceeded 
efficiently for a number of aliphatic carboxylic acids of increasing steric bulk with only 
minor decreases in yield (entries 1–3).  Due to the mild nature of the reaction conditions, 
this method was effective for substrates containing acid-sensitive functionality, including 
an N-Boc amino acid (entry 4).  Despite containing a common amino acid protecting 
group, N-Boc amino acid chlorides are relatively rare in the literature and have often 
been formed only in low yield.14  Other acid labile functionalities, including a glycol 
acetal (entry 5) and TBS silyl ether (entry 6), were also well tolerated in the amidation 
process.  Relative to the other studied substrates, benzoic acid proceeded with a 
significantly lower yield (entry 7).  We believe that the low conversion may be 
attributable to the electron deficiency of the benzoate, inhibiting its ability to add to the 
chlorocyclopropenium intermediate.  In all the attempted amidations, 

























































diisopropylcyclopropenone could be recovered in good yield and reused in subsequent 
reactions. 
 
Table 2. Substrate scope studies for amidation. 
 
 




















































































 The aromatic cation strategy was highlighted in a practical setting through its use 
in peptide couplings (Figure 13).   Using commercially available 2,3-
dimesitylcyclopropenone as the cyclopropenium reagent precursor, the couplings were 
performed on preparative scale (>1 g product) to furnish N-Boc dipeptides in high yield.  
When N-Boc-phenylglycine was used as a coupling partner the resulting peptide was 
obtained as a 3:1 mixture of diastereomers if the reaction was conducted at room 
temperature. This stereochemical erosion resulting from racemization was overcome by 
the discovery that acid chloride formation proceeds smoothly in 20 minutes at –78 ºC, 
furnishing the desired dipeptide in 77% yield as a single diastereomer.  The successful 
activation at low temperatures further emphasizes the high level of reactivity imparted 
through cyclopropenium activation. 
 




















































r.t. = 5 min, 79% yield, 3:1 d.r.
–78 ºC = 20 min, 1.28 g, 77% yield, 
>20:1 d.r.
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 Working with Tyler Browse, an undergraduate in the Lambert group, we further 
explored the capabilities of our new methodology by investigating the coupling of 
sterically hindered amino acids (Figure 14).  The formation of congested peptide bonds 
containing !,!-disubstituted amino acids, a common motif in the peptaibol family of 
natural products, is challenging and often requires modified coupling techniques.34  
Application of our optimized coupling conditions to linking a hindered N-Boc-!-
aminoisobutyric acid residue with phenylalanine generated the desired dipeptide in 40% 
yield in 20 minutes.  While the yield is lower than that obtained for less hindered 
substrates, this result is a promising starting point for this challenging area, especially 
given the short reaction time. 
 




Proposed Catalytic Strategies  
Having demonstrated the utility of aromatic cation activation, we became 
interested in developing alternative strategies for achieving acyl substitution with 
cyclopropenium-based reagents.  One potential reaction design for achieving dehydrative 
carboxylic acid derivatization would employ catalytic cyclopropenone in conjunction 
with a Brønsted acid (Figure 15).  It was envisioned that a suitable acid may protonate the 



























a carboxylic acid would yield a cyclopropenium ester upon loss of water.  Subsequent 
nucleophilic acyl substitution would produce the desired carboxylic acid derivative and 
regenerate the cyclopropenone and acid catalysts.  In an early study we observed 
quantitative protonation of 2,3-diisopropylcyclopropenone upon treatment with triflic 
acid, however no reaction was observed when a carboxylic acid was added to the 
hydroxycyclopropenium ion.  Examination of the literature revealed previous failed 
attempts to functionalize cyclopropenones through acid catalysis, including unsuccessful 
efforts to form cyclopropenone acetals with a strong acid.35  Despite extensive synthetic 
efforts, we have yet to realize this mode of reactivity. 
  





 Another intriguing strategy for using aromatic ions to achieve dehydrative acyl 
































no reaction or decompostiionOTf
–
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cyclopropenones (Figure 16).  Our proposed catalytic cycle would begin with addition of 
a carboxylic acid to a cyclopropenium ion, forming a cyclopropenyl ester intermediate.  
Nucleophilic substitution on this species would generate the carboxylic acid derivative 
and form a cyclopropenol.  These compounds are known to exist in equilibrium with the 
cyclopropenium ion, regenerating the catalyst upon loss of water.  This potential pathway 
would be expected to be highly influenced by the cyclopropenium cation’s pKR+ value as 
it would govern the two equilibrium processes in the catalytic cycle.  The reaction may 
also be facilitated through methods that sequester the water generated in the 
transformation.  Despite investigating a number of cyclopropenium ions and reaction 
conditions, this form of aromatic activation has yet to be observed.  Possible future 
directions towards this approach include the synthesis of catalysts that contain hydrogen-
bonding functionality on the cyclopropenium substituents to favor complexation with a 
carboxylic acid and further activate the substrate towards nucleophilic substitution. 
 



























 We have demonstrated aromatic cation activation as an effective strategy for 
nucleophilic acyl substitution.  Using tunable and recyclable carbon-based reagents that 
are compatible with amine bases, we have developed a rapid and mild method for 
forming acid chlorides that is compatible with a range of acid-sensitive functional groups.  
The utility of this process was demonstrated by performing preparative scale peptide 
couplings and was shown to be effective for difficult substrates.  We expect this process 
to find many applications in organic synthesis and further research may reveal other 
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General Information. All reactions were performed using oven-dried glassware under 
an atmosphere of dry argon. Non-aqueous reagents were transferred by syringe under 
argon. Organic solutions were concentrated using a Buchi rotary evaporator. Methylene 
chloride (CH2Cl2) and toluene were dried using a J.C. Meyer solvent purification system. 
Diisopropylethylamine was freshly distilled over CaH2 under argon. All other 
commercial reagents were used as provided. Flash column chromatography was 
performed employing 32-63 !m silica gel (Dynamic Adsorbents Inc). Thin-layer 
chromatography (TLC) was performed on silica gel 60 F254 plates (EMD).   
2.3-Diphenylcyclopropenone1, 2-isopropyl-3-phenylcyclopropenone2, 2,3-
diisopropylcyclopropenone3, 2,3-di-3-guaiazulenecyclopropenone4, and 2,3-
dimesitylcyclopropenone5 were prepared according to literature procedures.   
1H and 13C NMR were recorded in CDCl3 on Bruker DRX-300 and DRX-400 
spectrometers as noted, and are internally referenced to residual protio solvent signals. 
Data for 1H NMR are reported as follows: chemical shift (" ppm), multiplicity (s = 
singlet, brs = broad singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling 
constant (Hz), integration, and assignment. Data for 13C NMR are reported in terms of 
chemical shift. Low- resolution mass spectra (LRMS) were acquired on a JEOL JMS-
LCmate liquid chromatography mass spectrometer system using CI+ ionization 
technique.  IR spectra were recorded on a Nicolet Avatar 370 DTGS (Thermo) using 





Acid Chloride Formation:  
NMR Experiment: Propionic acid (7.5 µL, 0.10 mmol) was added to 3,3-dichloro-1,2-
diphenylcyclopropene (31.3 mg, 0.12 mmol) in CDCl3 (1 mL).  The reaction was 
transferred to an NMR tube under Ar and monitored by 1H NMR.  The propionic acid 
was fully converted (>99%) to propionyl chloride within 15 minutes.  See below for 
NMR spectra. 
 
IR Experiment: Propionic acid (7.5 µL, 0.10 mmol) was added to 3,3-dichloro-1,2-
diphenylcyclopropene (26.1 mg, 0.10 mmol) in CH2Cl2 (1 mL).  The reaction was 
transferred to a salt plate chamber and examined by IR spectroscopy.  The observed 
peaks at 1847, 1789, and 1629 cm–1 were indicative of diphenylcyclopropenone and 
propionyl chloride formation as determined by comparison to prepared standard samples.  
See below for IR spectra. 
 
Rate Comparison of Acid Chloride Formation Experiments: Oxalyl chloride (17.2 
µL, 0.20 mmol) was added to a solution of cyclopropenone (0.22 mmol) and Bn2O (19.0 
µL, 0.10 mmol) in CH2Cl2 (1 mL) at room temperature.  After gas evolution had ceased, 
either a solution of pivalic acid (20.4 mg, 0.20 mmol) in CH2Cl2 (1 mL) or a solution of 
pivalic acid (20.4 mg, 0.20 mmol) and diisopropylethylamine (34.8 µL, 0.20 mmol) in 
CH2Cl2 (1 mL) was added.  After 5, 10, 30, and 60 minutes, 0.25 mL aliquots were taken 
and quenched with excess benzylamine (27.3 µL, 0.25 mmol).  The aliquots were then 
diluted with EtOAc, washed with sat. NaHCO3, and concentrated.  The conversion to 
!!
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pivaloyl chloride was determined by 1H NMR analysis of the resulting benzylamide using 
Bn2O as an internal standard. 
 
Amidation General Procedure:  Oxalyl chloride (1 equiv) was added to a solution of 
diisopropylcyclopropenone (1.1 equiv) in CH2Cl2 (0.2 M) at room temperature.  After gas 
evolution had ceased, a solution of carboxylic acid (1 equiv) and diisopropylethylamine 
(2.2 equiv) in CH2Cl2 (0.2 M) was added in one portion.  After stirring for 5 min, the 
amine (1.1 equiv) was added in one portion.  After stirring for an additional 15 minutes 
the reaction was diluted with CH2Cl2 to 3 times the reaction volume and washed with 
saturated NaHCO3 and brine.  The organic phase was dried with Na2SO4 and 
concentrated.  The crude residue was purified by silica gel chromatography to yield the 
desired amide product and recover diisopropylcyclopropenone. 
 
N-benzyloctanamide (Table 2, Entry 1):6 Prepared according to the general amidation 
procedure from diisopropylcyclopropenone (76.0 mg, 0.55 mmol), oxalyl chloride (42.9 
µL, 0.50 mmol), octanoic acid (79.2 µL, 0.50 mmol), diisopropylethylamine (191.6 µL, 
1.10 mmol), and benzylamine (60.1 µL, 0.55 mmol). Purification by silica gel 
chromatography (50% EtOAc/Hexanes to 100% EtOAc) recovered 
diisopropylcyclopropenone (70.7 mg, 0.51 mmol, 93% recovery) and yielded the title 
compound as a white solid (113.2 mg, 0.49 mmol, 97% yield). 1H NMR (CDCl3, 400 
MHz) ! 7.36–7.26 (m, 5H, ArH), 5.64 (brs, 1H, NH), 4.45 (d, J = 5.7 Hz, 2H, 







1.25 (m, 8H, (CH2)4CH3), 0.88 (t, J = 6.7 Hz, 3H, CH2CH3); 13C NMR (CDCl3, 100 
MHz) ! 173.0, 138.5, 128.6, 127.7, 127.4, 43.5, 36.7, 31.6, 29.2, 28.9, 25.7, 22.5, 14.0. 
 
N-benzyl-2-methylpropanamide (Table 2, Entry 2):7 Prepared according to the general 
amidation procedure from diisopropylcyclopropenone (76.0 mg, 0.55 mmol), oxalyl 
chloride (42.9 µL, 0.50 mmol), isobutyric acid (45.4 µL, 0.50 mmol), 
diisopropylethylamine (191.6 µL, 1.10 mmol), and benzylamine (60.1 µL, 0.55 mmol). 
Purification by silica gel chromatography (50% EtOAc/Hexanes to 100% EtOAc) 
recovered diisopropylcyclopropenone (66.9 mg, 0.48 mmol, 88% recovery) and yielded 
the title compound as a white solid (76.2 mg, 0.43 mmol, 86% yield).  1H NMR (CDCl3, 
400 MHz) ! 7.36–7.28 (m, 5H, ArH), 5.68 (brs, 1H, NH), 4.45 (d, J = 5.6 Hz, 2H, 
PhCH2NH), 2.39 (m, 1H, COCH(CH3)2), 1.19 (d, J = 7.0, 6H, CH(CH3)2); 13C NMR 
(CDCl3, 100 MHz) ! 176.8, 138.5, 128.6, 127.7, 127.4, 43.4, 35.6, 19.6. 
 
N-benzyl-2,2-dimethylpropanamide (Table 2, Entry 3):8 Prepared according to the 
general amidation procedure from diisopropylcyclopropenone (76.0 mg, 0.55 mmol), 
oxalyl chloride (42.9 µL, 0.50 mmol), pivalic acid (51.1 mg, 0.50 mmol), 
diisopropylethylamine (191.6 µL, 1.10 mmol), and benzylamine (60.1 µL, 0.55 mmol). 
Purification by silica gel chromatography (50% EtOAc/Hexanes to 100% EtOAc) 
recovered diisopropylcyclopropenone (61.6 mg, 0.45 mmol, 81% recovery) and yielded 












400 MHz) ! 7.37–7.26 (m, 5H, ArH), 5.99 (brs, 1H, NH), 4.44 (d, J = 5.6 Hz, 2H, 
PhCH2NH), 1.24 (s, 9H, C(CH3)3); 13C NMR (CDCl3, 100 MHz) ! 178.2, 138.6, 128.5, 
127.5, 127.2, 43.4, 38.6, 27.5. 
 
Boc-L-valine-benzylamide (Table 2, Entry 4):9 Prepared according to the general 
amidation procedure from diisopropylcyclopropenone (76.0 mg, 0.55 mmol), oxalyl 
chloride (42.9 µL, 0.50 mmol), Boc-L-valine (108.6 mg, 0.50 mmol), 
diisopropylethylamine (191.6 µL, 1.10 mmol), and benzylamine (60.1 µL, 0.55 mmol). 
Purification by silica gel chromatography (35% EtOAc/Hexanes to 100% EtOAc) 
recovered diisopropylcyclopropenone (59.3 mg, 0.43 mmol, 78% recovery) and yielded 
the title compound as a white solid (120.8 mg, 0.40 mmol, 79% yield). 1H NMR (CDCl3, 
400 MHz) ! 7.36–7.26 (m, 5H, ArH), 6.18 (brs, 1H, NH), 4.99 (brs, 1H, NH), 4.46 (d, J 
= 5.8 Hz, 2H, PhCH2NH), 3.90 (dd, J = 6.1, 8.7 Hz, 1H, COCHNH), 2.23–2.15 (m, 1H, 
CH(CH3)2), 1.43 (s, 9H, C(CH3)3), 0.97 (d, J = 6.8 Hz, 3H, CH(CH3)2), 0.93 (d, J = 6.8 
Hz, 3H, CH(CH3)2); 13C NMR (CDCl3, 100 MHz) ! 171.8, 156.1, 138.2, 128.8, 127.8, 
127.6, 80.0, 60.3, 43.5, 30.7, 28.3, 19.5, 18.0. 
 
N-benzyl-5-(1,3-dioxolan-2-yl)hexanamide (Table 2, Entry 5): Prepared according to 
the general amidation procedure from diisopropylcyclopropenone (32.8 mg, 0.24 mmol), 
oxalyl chloride (18.5 µL, 0.22 mmol), 5-(1,3-dioxolan-2-yl)pentanoic acid10 (37.5 mg, 












0.24 mmol). Purification by silica gel chromatography (EtOAc) recovered 
diisopropylcyclopropenone (30.2 mg, 0.22 mmol, 92% recovery) and yielded the title 
compound as a white solid (53.1 mg, 0.20 mmol, 94% yield). 1H NMR (CDCl3, 300 
MHz) ! 7.38–7.26 (m, 5H, ArH), 5.73 (brs, 1H, NH), 4.86 (t, J = 4.7 Hz, 1H, 
HC(OCH2CH2O)CH2), 4.46 (d, J = 5.6 Hz, 2H, PhCH2NH), 4.00–3.82 (m, 4H, 
OCH2CH2O), 2.25 (t, J = 7.3, 2H, CH2C(O)), 1.80–1.67 (m, 4H, CH2CH2CH2), 1.55–
1.43 (m, 2H, CH2CH2CH2); 13C NMR (CDCl3, 75 MHz) ! 172.6, 138.4, 128.6, 127.8, 
127.4, 104.3, 64.8, 43.6, 43.6, 36.5, 33.4, 25.5, 23.6; IR (thin film) 3295, 2947, 2869, 
1644, 1547, 1454, 1135, 1029, 946 cm–1; LRMS (APCI+) exact mass calc’d for 
C15H22NO3+ (MH+) requires m/z 264.2, found m/z 264.2. 
 
N-benzyl-6-(tert-butyldimethylsilyloxy)hexanamide (Table 2, Entry 6): Prepared 
according to the general amidation procedure from diisopropylcyclopropenone (76.0 mg, 
0.55 mmol), oxalyl chloride (42.9 µL, 0.50 mmol), 6-(tert-
butyldimethylsilyloxy)hexanoic acid11 (123.2 mg, 0.50 mmol), diisopropylethylamine 
(191.6 µL, 1.10 mmol), and benzylamine (60.1 µL, 0.55 mmol). Purification by silica gel 
chromatography (35% EtOAc/Hexanes to 100% EtOAc) recovered 
diisopropylcyclopropenone (70.7 mg, 0.51 mmol, 93% recovery) and yielded the title 
compound as a clear oil (154.2 mg, 0.46 mmol, 92% yield). 1H NMR (CDCl3, 300 MHz) 
! 7.36–7.26 (m, 5H, ArH), 5.68 (brs, 1H, NH), 4.44 (d, J = 5.7 Hz, 2H, PhCH2NH), 3.60 
(t, J = 6.4 Hz, 2H, TBSOCH2), 2.22 (t, J = 7.4 Hz, 2H, CH2C(O)), 1.73–1.63 (m, 2H, 






(s, 9H, SiC(CH3)3), 0.04 (s, 6H, Si(CH3)2); 13C NMR (CDCl3, 75 MHz) ! 173.0, 138.3, 
128.5, 127.6, 127.3, 62.9, 43.4, 36.5, 32.4, 25.9, 25.5, 25.3, 18.2, –5.4; IR (thin film) 
3286, 2929, 2857, 1643, 1547, 1255, 1100, 835, 775 cm–1; LRMS (APCI+) exact mass 
calc’d for C19H34NO2Si+ (MH+) requires m/z 336.2, found m/z 336.5. 
 
N-benzylbenzamide (Table 2, Entry 7):12 Prepared according to the general amidation 
procedure from diisopropylcyclopropenone (76.0 mg, 0.55 mmol), oxalyl chloride (42.9 
µL, 0.50 mmol), benzoic acid (61.2 mg, 0.50 mmol), diisopropylethylamine (191.6 µL, 
1.10 mmol), and benzylamine (60.1 µL, 0.55 mmol). Purification by silica gel 
chromatography (35% EtOAc/Hexanes to 100% EtOAc) recovered 
diisopropylcyclopropenone (31.9 mg, 0.23 mmol, 42% recovery) and yielded the title 
compound as a white solid (46.7 mg, 0.22 mmol, 44% yield). 1H NMR (CDCl3, 300 
MHz) ! 7.81–7.78 (m, 2H, ArH), 7.53–7.29 (m, 8H, ArH), 6.37 (brs, 1H, NH), 4.66 (d, J 
= 5.7 Hz, 2H, CH2Ph); 13C NMR (CDCl3, 100 MHz) ! 167.4, 138.2, 134.4, 131.5, 128.7, 
128.5, 127.8, 127.5, 126.9, 44.0. 
 
General Peptide Coupling Procedure A: Oxalyl chloride (1 equiv.) was added to a 
solution of dimesitylcyclopropenone (1.1 equiv) in toluene (0.13 M) at room temperature.  
After stirring for 20 minutes gas evolution had ceased and a solution of Boc-protected 
amino acid (1 equiv.) and diisopropylethylamine (2.2 equiv) in toluene (0.4 M) was 
added in one portion.  After 5 minutes amino acid methyl ester (1.1 equiv) was added in 





times the reaction volume and washed with 1 M HCl, 1M NaOH, and brine.  The organic 
phase was dried with Na2SO4 and concentrated. The crude residue was purified by silica 
gel chromatography to yield the desired dipeptide product and recover 
dimesitylcyclopropenone. 
 
General Peptide Coupling Procedure B for Amino Acids Prone to Racemization: 
Oxalyl chloride (1 equiv.) was added to a solution of dimesitylcyclopropenone (1.1 
equiv) in toluene (0.13 M) at room temperature.  After stirring for 20 minutes gas 
evolution had ceased and the solution was cooled to –78 ºC.  A solution of Boc-protected 
amino acid (1 equiv.) and diisopropylethylamine (1.1 equiv) in toluene (0.4 M) was 
added in one portion.  After 20 minutes a solution of amino acid methyl ester (1.1 equiv)  
and diisopropylethylamine (1.1 equiv) in toluene (1 M) was added in one portion.  After 
an additional 10 minutes the reaction was warmed to room temperature.  The reaction 
was then diluted with EtOAc to three times the reaction volume and washed with 1 M 
HCl, 1M NaOH, and brine.  The organic phase was dried with Na2SO4 and concentrated. 
The crude residue was purified by silica gel chromatography to yield the desired 
dipeptide product and recover dimesitylcyclopropenone. 
 
Gram-scale preparation of Boc-L-Ala-L-Phe-OMe:7 Prepared according to general 
peptide coupling procedure A from dimesitylcyclopropenone (1.28 g, 4.4 mmol), oxalyl 
chloride (343 µL, 4.0 mmol), Boc-L-alanine (757 mg, 4.0 mmol), diisopropylethylamine 











by silica gel chromatography (50% EtOAc/hexanes) recovered dimesitylcyclopropenone 
(1.18 g, 4.1 mmol, 92% recovery) and yielded the title compound as a white solid (1.13 g, 
3.22 mmol, 80% yield, >20:1 dr). 1H NMR (CDCl3, 400 MHz) ! 7.30–7.21 (m, 3H, 
ArH), 7.11–7.08 (m, 2H, ArH), 6.49 (d, J = 7.5 Hz, 1H, NH), 4.94–4.87 (m, 1H, CHBn), 
4.87–4.82 (m, 1H, CHMe), 4.13 (brs, 1H, NH), 3.71 (s, 3H, OCH3), 3.18–3.06 (m, 2H, 
CH2Ph), 1.43 (s, 9H, C(CH3)3), 1.31 (d, J = 7.1 Hz, 3H, CHCH3); 13C NMR (CDCl3, 100 
MHz) ! 172.4, 171.5, 155.1, 135.7, 128.9, 128.2, 126.7, 79.4, 53.0, 51.9, 49.7, 37.6, 28.0, 
18.1. 
 
Gram-scale preparation of Boc-L-Phg-L-Phe-OMe:13  
General peptide coupling procedure A:  The title compound was obtained using in 79% 
yield, but only 3:1 d.r. as determined by 1H NMR of the crude material. 
General peptide coupling procedure B: The title compound was prepared from 
dimesitylcyclopropenone (1.28 g, 4.4 mmol), oxalyl chloride (343 µL, 4.0 mmol), Boc-L-
phenylglycine (757 mg, 4.0 mmol), diisopropylethylamine (1.53 mL, 8.8 mmol), and L-
phenylalanine methyl ester (789 mg, 4.4 mmol). Purification by silica gel 
chromatography (30% EtOAc/toluene) recovered dimesitylcyclopropenone (1.22 g, 4.2 
mmol, 95% recovery) and yielded the title compound as a white solid (1.28 g, 3.07 mmol, 
77% yield, >20:1 dr). 1H NMR (CDCl3, 400 MHz) ! 7.34–7.22 (m, 8H, ArH), 7.05 (d, J 
= 7.8 Hz, 2H, ArH), 6.27 (d, J = 7.2 Hz, 1H, CHPh), 5.68 (brs, 1H, NH), 5.11 (brs, 1H, 
NH), 4.82–4.78 (m, 1H, CHBn), 3.64 (s, 3H, OCH3), 3.15 (dd, J =  5.7 and 13.9 Hz, 1H, 











(CDCl3, 100 MHz) ! 171.3, 169.7, 137.7, 135.5, 129.2, 128.9, 128.6, 128.4, 127.1, 80.1, 
58.7, 53.4, 52.3, 37.6, 28.2. 
 
Boc-Aib-L-Phe-OMe:14 Prepared according to general peptide coupling procedure A 
from dimesitylcyclopropenone (63.9 mg, 0.22 mmol), oxalyl chloride (17.2 µL, 
0.20mmol), N-Boc-#-aminoisobutyric acid (40.6 mg, 0.20 mmol), diisopropylethylamine 
(76.6 µL, 0.44 mmol), and L-phenylalanine methyl ester (39.4 mg, 0.22 mmol). Benzyl 
ether (19.0 µL, 0.10 mmol) was also added to the reaction to serve as an internal 
standard.  The title compound was prepared in 40% yield as determined by 1H NMR 
analysis of the crude reaction mixture.  1H NMR (CDCl3, 400 MHz) 7.32–7.22 (m, 3H, 
ArH), 7.16–7.11 (m, 2H, ArH), 4.88–4.83 (m, 2H, NHCH), 3.17–3.07(m, 2H, CH2Ph), 
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Development of Cyclopropenium Photoredox Catalysts 
 
Introduction 
 The study of light’s ability to promote chemical reactions has a long history 
stretching back as far as the 18th century.1  As a renewable resource, light represents a 
near ideal green chemical reagent that leaves behind no chemical residue.  This feature, 
as well as the capability to promote reactivity challenging to obtain by thermal means, 
has led to the development of photochemical methods of broad utility in organic 
synthesis.2-3 Many of these methods however use high-energy ultraviolet radiation that 
can lead to undesired side reactions  and require specialized equipment.  In comparison, 
the use of visible light in organic photochemistry has been relatively limited as many 
organic compounds lack chromophores that absorb at higher wavelengths.  To address 
this limitation, many photocatalysts that absorb visible light have been developed to 
promote photochemical reactions under mild reactions.4-5 
 Photocatalysts have been particularly useful for the promotion of redox reactions 
via photoinduced electron transfer (Figure 1).6 Following excitation of the sensitizer and 
promotion of an electron from the HOMO to the LUMO, the promoted electron can be 
transferred to an acceptor compound (oxidative quenching), or an electron can be 
transferred from a donor compound into the newly created hole in the former HOMO 
(reductive quenching). Through careful selection of reaction conditions a photocatalyst 
can thus serve as either an oxidant or a reductant.  Both of these processes generate 
reactive radical intermediates that can then undergo further transformations. One 
!!
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particularly well studied photocatalyst is Ru(bpy)3Cl2, a commerically available metal 
complex that absorbs blue light (!max = 452 nm).7  The catalyst, able to act as either a 
strong oxidizing (+1.29 V) or a strong reducing agent (–1.33 V), has led to many 
applications beyond organic chemistry, including the storage of solar energy.  
 
Figure 1. Photoinduced electron transfer. 
 
 
One of the first applications of this complex in synthetic organic chemistry was 
reported in 1984 when Cano-Yelo and Deronzier used the reagent to promote a Pschorr 
reaction for forming phenanthrenes (Figure 2).8  Upon excitation, the Ru(bpy)3Cl2 
reduces the diazonium salt to form an aryl radical and release nitrogen gas.  After 
cyclization to form the new aryl-aryl bond, the resulting intermediate undergoes a one-
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Figure 2. Pschorr reaction catalyzed by Ru(bpy)3Cl2. 
 
 
Following this initial publication there were only a handful of reports utilizing 
Ru(bpy)3Cl2 in synthetic methods until a recent resurgence in interest in visible light 
photocatalysis.4  Beginning in 2009, Yoon and coworkers developed a research program 
employing visible light photocatalysis to perform a variety of cycloadditions of 
conjugated "-systems (Figure 3).9-13  These methods are typified by the intramolecular 
[2+2] enone cycloaddition in which the reduced photocatalyst donates an electron to a 
conjugated "-system, generating an intermediate with an odd-number of electrons that 
undergoes a low-barrier cycloaddition before being oxidized to form the bicyclic 
product.9  To highlight the use of visible light, this reaction was shown to be effective 
using sunlight as the only light source. 
 































Visible light photocatalysis has also recently been merged with asymmetric 
organocatalysis by Nicewicz and MacMillan.14-16 The initial report utilized Ru(bpy)3Cl2 
for the enantioselective alkylation of aldehydes (Figure 4).14  In this situation, the 
photocatalyst serves to reduce the #-bromodicarbonyl compound, generating a radical 
species that reacts with the enamine formed from the amine organocatalyst and aldehyde 
substrate. The resulting intermediate is then oxidized to an iminium ion, allowing 
hydrolysis to release the alkylated product and turnover the catalysts.   
 
Figure 4. Merging of photocatalysis and organocatalysis. 
 
 
 The Stephenson group has also utilized Ru(bpy)3Cl2 for the reduction of 
halogenated compounds (Figure 5).17-21  In the presence of visible light, the excited 
complex accepts an electron from a tertiary amine to form a strong reductant that reduces 
carbon-halogen bonds to form radical intermediates.  These species can then be trapped 
with a hydride source for an overall dehalogenation reaction, or used to form carbon-



































Figure 5.  Visible light photocatalysis for the reduction of carbon-halogen bonds. 
 
 
Stephenson has also reported the use of Ru(bpy)3Cl2 and related iridium catalysts 
for the #-functionalization of amines (Figure 6).22  Irradiation with visible light of a 
photocatalyst  and N-phenyltetrahydroisoquinoline oxidizes the amine to an iminium ion, 
which is then subsequently trapped by the nitromethane solvent in an aza-Henry reaction.  
The exact nature of the oxidant in this reaction is unclear. Adventitious oxygen may be 
responsible, although the reaction is reported to progress even with rigorous degassing, 
potentially implicating that the nitromethane solvent is involved in the oxidation. 
 
Figure 6. Photoredox mediated aza-Henry reaction. 
 
 
While these reactions highlight the many uses of transition metal-based 
photocatalysts that often possess high redox potentials and favorable absorption spectra, 
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iridium salts can be restrictive towards large-scale applications and the toxicity of the 
metals can be a concern.  An attractive alternative is the use of organic photocatalysts that 
function with visible light.  Zeitler recently explored this area by examining several 
common organic dyes for their ability to replace Ru(bpy)3Cl2 in recently reported 
photoredox reactions (Figure 7).23  The red dye eosin Y was found to be particularly 
effective for the dehalogenation of #-bromocarbonyl compounds and the reaction could 
be conducted using green LEDs, a fluorescent bulb, or sunlight as the light source.  Eosin 
Y was also shown to be an effective photocatalyst for the direct asymmetric alkylation of 
aldehydes developed my MacMillan,14 rendering the transformation complexly 
organocatalytic.  The organic dye is believed to operate through similar photoinduced 
electron transfer pathways. 
 
Figure 7. Use of common organic dye as an organophotoredox catalyst. 
 
 
 The recent report using eosin Y builds upon previously developed 
organophotoredox catalysts.  Many organic compounds have been explored for their 
ability to participate in photoinduced electron transfer and several effective sensitizers 
have been found that absorb visible wavelengths of light (Figure 8).6  One of the most 
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2.5 mol% eosin Y
1.1 equiv Hantzch ester
2 equiv i-Pr2NEt
DMF, r.t., 18 h
green LED 100% yield
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the size of the aromatic component.24 Triarylpyrylium salts have also been found useful 
for their high oxidizing power upon excitation.25 More recently, a mesityl 
methylacridinium salt has been investigated for synthetic applications in order to take 
advantage of its long-lived electron-transfer state.26  The amount of research dedicated to 
the development of photosensitizers illustrates the importance of identifying useful 
photocatalysts that operate efficiently with visible light and this chapter discusses the 
study of aromatic ions as potential organophotoredox catalysts. 
 
Figure 8.  Examples of known organic photosensitizers that absorb visible light. 
 
 
Cyclopropenium Redox Properties and Synthesis 
 As an extension of the aromatic ion research program introduced in the previous 
chapter, we became interested in the redox properties of cyclopropenium ions and their 
potential applications to synthetic chemistry.   Earlier studies have examined the 
electrochemistry of cyclopropenium cations (Figure 9).27  It was found that 
cyclopropenium substituents have a large impact on the observed redox potentials, 
covering a broad range with oxidation potentials ranging from >+2.8 to +1.1 V and 
reduction potentials ranging from –0.84 to <–3.0 V.  The unique electronic properties of 
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readily undergo a one electron oxidation to generate isolable radical dication species.28  
The range of accessible redox potentials that are comparable or better than those of 
known transition metal-based catalysts, and the ability to shift these values through 
control of the cyclopropenium substituents, made these compounds an attractive platform 
for the development of new photoredox catalysts. 
 
Figure 9. Electrochemistry of cyclopropenium cations. 
 
 
In addition to the potential for tunable electronic properties, we were also 
attracted by the ease of synthesis of cyclopropenium compounds (Figure 10).  
Tetrachlorocyclopropene29 is a versatile starting material for cyclopropenium synthesis as 
aryl substituents can be easily incorporated through Friedel-Crafts reactions upon 
treatment with a strong Lewis acid, such as AlCl3.30 Aminocyclopropenium ions can also 
be easily synthesized as secondary amines participate in a substitution reaction with 
tetrachlorocyclopropene.31  Combining these two reaction pathways would allow the 
modular synthesis of cyclopropenium ions and facilitate the building of libraries with 
varying aromatic and amino substituents, all accessible within two steps from a 
commercially available precursor.  This ease of incorporating different substituents 
















Figure 10. Modular synthesis of cyclopropenium cations from tetrachlorocyclopropene. 
 
 
To the best of our knowledge there has been only one previous synthetic 
application of cyclopropenium photochemistry.32-33 Neckers and coworkers employed 
triarylcyclopropenium salts as photoacid generators for the cationic polymerization of 
glycidyl phenyl ether (Figure 11).  Upon irradiation with ultraviolet (UV) light, the 
cyclopropenium initiator reacts with trace water through a one-electron transfer to 
generate a cyclopropenyl radical and a strong acid.  The cyclopropenyl radical dimerizes 
and rearranges to benzene products, while the strong acid facilitates the polymerization.  
This precedence and the previously discussed properties prompted our investigation of 
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Figure 11. Cyclopropenium cations as photoacid generators. 
 
 
Results and Discussion 
 Our initial studies into developing cyclopropenium-based photocatalysts focused 
on examining the relationship between substituents and the absorption of UV and visible 
light.  We began by synthesizing a library of arylbis(diethylamino)cyclopropenium salts 
with varying aromatic systems and conducting UV/Visible spectroscopy studies (Figure 
12).  The addition of a single phenyl group 2 provided a significant shift in absorption 
towards longer wavelengths relative to the parent tris(diethylamino)cyclopropenium 1.  
Another large increase was observed when the aromatic was switched to a 
methoxynaphthyl functionality 3, however there was still no absorption of visible light (! 
> 390 nm).  Further increasing the size of the aromatic functionality to a 
methoxyphenanthrene 4 or alkoxyanthracene 5 did provide some absorption within the 

































difficult to separate and, in the case of 5, decomposed over time.  A guaiazulene unit 6 
was also successfully incorporated into the series and absorbed visible wavelengths of 
light. 
 













































Continuing our studies of cyclopropenium cation absorption properties, we next 
examined the sequential replacement of dialkylamino substituents with aromatic 
substituents  (Figure 13).  Each additional 2-methoxynaphthyl group increased the 
wavelength of absorption, however there were diminishing returns throughout the series.  
The compounds containing two and three 2-methoxynaphthyl substituents (7 and 8) both 
absorbed violet light (!max = 413 and 433 nm respectively) and could be synthesized in 
good yield. 
 
Figure 13. Impact of aryl versus amine substitution on UV/Visible absorption. 
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In addition to utilizing aromatic substituents to achieve the absorption of visible 
light, diarylamino-substituted cyclopropenium ions were also investigated as potential 
components for visible light photocatalysts (Figure 14).  A series of 
tris(diarylamino)cyclopropenium cations were synthesized and examined by UV/Visible 
spectroscopy, however none were found to have significant absorption of visible light 
and the addition of para-heteroatom substituents had little effect. The future synthesis of 
cyclopropenium ions containing one aryl and two diarylamino substituents may provide 
the desired absorption of visible light while including two strongly donating groups. 
 
Figure 14. UV/Vis spectroscopy of tris(diarylamino)cyclopropenium cations. 
           
 
Following our initial studies on the photophysical properties of cyclopropenium 
cations, we next investigated their ability to function as photoredox catalysts.  Employing 
two of the compounds found to absorb visible light, 7 and 8, the first experiments studied 
photoredox dehalogenation using conditions developed by Stephenson (Figure 15).17 




































Irradiation of methyl #-chlorophenylacetate with a 19W compact fluorescent light (CFL) 
in the presence of Hünig’s base as an electron source and a Hantzsch ester as the hydride 
source resulted in dehalogenation to form methyl phenylacetate.  Both cyclopropenium 
salts 7 and 8 catalyzed the transformation beyond the background reaction, with 
triarylcyclopropenium salt 8 proving most effective to give the dehalogenated compound 
in 43% yield after 24 h with 5 mol% catalyst loading.  Having demonstrated that 
cyclopropenium ions can serve as photoredox catalysts, we turned our attention to other 
transformations. 
 
Figure 15. Cyclopropenium-catalyzed reductive dehalogenation. 
 
 
One reaction class of interest in the Lambert group is the oxidative 
functionalization of amines. Julia Allen, a colleague in the group, developed a method 
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tropylium ion oxidizes the amine to an iminium ion that is subsequently trapped by 
cyanide and generates cycloheptatriene as a byproduct.  While the reaction is believed to 
proceed through a direct hydride abstraction, a single-electron oxidation pathway has not 
been ruled out.  This work inspired our research towards using cyclopropenium 
photocatalysis for the oxidative functionalization of amines. 
 
Figure 16. Tropylium ion mediated #-cyanation of amines. 
 
 
We begun our investigation into photocatalytic amine functionalization through 
exploring the aza-Henry reaction developed by Stephenson (Figure 17).22 
Cyclopropenium catalysts 7 and 8 were again found to be effective photocatalysts, now 
promoting the oxidative aza-Henry reaction of N-phenyltetrahydroisoquinoline.  In this 
instance, amino-substituted cyclopropenium 7 was found to be the more efficient catalyst, 
leading to 68% conversion within 24 h with a 19W CFL light source.  This finding that 
different catalyst structures were optimal for distinct reactions adds support to the utility 
of being able to easily access a family of related photocatalysts.  The aza-Henry reaction 
could be further accelerated by using violet LEDs (400 nm) as the light source, leading to 
almost complete conversion within 24 h (entry 4).  A similar acceleration is observed 
when blue LEDs are used to promote Ru(bpy)3Cl2 catalyzed reactions.19  Attempts to 














(N-phenyltetrahydroisoquinolines and N-phenylpyrrolidine) were unsuccessful as 
trialkylamines produced no detectable aza-Henry product. 
 
Figure 17. Cyclopropenium-catalyzed photoredox aza-Henry reaction. 
 
 
Building on the tropylium ion studies, we also chose to examine the use of 
cyclopropenium photoredox catalysts for the #-cyanation of amines.  There have been 
two previous strategies for photochemical oxidative cyanation.  The first method uses 
sensitizers such as methylene blue and rose bengal to react with oxygen gas and form 
singlet oxygen to accomplish the amine oxidation.35-36 A second mechanism uses 
photocatalysts such as N,N’-dimethyl-2,7-diazapyrenium bis(tetrafluoroborate)  or 
9,10-dicyanoanthracene to achieve a photoinduced electron transfer from the amine to 
facilitate oxidation.37-38 
Irradiation of triisobutylamine and potassium cyanide in acetonitrile with 
photocatalysts 7 and 8 produced the #-aminonitrile product in good yield after 48 h using 



























5 mol% CP 7 or 8
MeNO2, r.t., 24 h
visible light
i-Bu3N or Bn3N no aza-Henry products
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sodium acetate provided the cleanest conversion to the cyano product.  Control reactions 
revealed that both the cyclopropenium cation and light source were necessary for the 
reaction to proceed (entries 1, 4, and 5).  Trimethylsilyl cyanide was also discovered to be 
an effective cyanide source for the transformation (entry 6). 
 
Table 1.  Cyclopropenium-catalyzed #-cyanation of a tertiary amine. 
 
 
The mechanism of the cyclopropenium-mediated #-cyanation is unclear.  Three 
possibilities include photoinduced hydride abstraction, photoinduced electron transfer 
(PET), and singlet oxygen formation.  No hydride transfer to the cyclopropenium cation 
was observed by NMR when a 1:1 mixture of triisobutylamine and cyclopropenium 7 or 
8 was irradiated in acetonitrile under an argon atmosphere, suggesting oxygen is required 
to facilitate the oxidation.    Polar solvents such as acetonitrile have been found to favor 
PET processes over singlet oxygen formation,6 however methylene blue and rose bengal, 
known sensitizers for forming singlet oxygen, do produce the #-cyano product under the 






























































 We have developed cyclopropenium cations as a new class of photoredox 
catalysts.  Studies revealed information regarding the relationship between 
cyclopropenium substitution and UV/Visible absorption.  Two cyclopropenium ions that 
absorb violet light, 7 and 8, were demonstrated as effective catalysts for photocatalytic 
dehalogenation, an oxidative aza-Henry reaction, and #-cyanation reactions.  Future 
studies using the modular synthesis of aromatic ions and applying them to new 
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General Information: All reactions were performed using oven-dried glassware under 
an atmosphere of dry argon unless otherwise specified. An oxygen atmosphere was 
achieved through connecting the reaction vessel to an oxygen-filled balloon. Non-
aqueous reagents were transferred by syringe under argon. Organic solutions were 
concentrated using a Buchi rotary evaporator. Methylene chloride (CH2Cl2) was dried 
using a J.C. Meyer solvent purification system. Acetonitrile (MeCN) and nitromethane 
(MeNO2) were freshly distilled over CaH2 under argon. All other commercial reagents 
were used as provided. Flash column chromatography was performed employing 32-63 
!m silica gel (Dynamic Adsorbents Inc). Thin-layer chromatography (TLC) was 
performed on silica gel 60 F254 plates (EMD). 
1H and 13C NMR were recorded in CDCl3 on Bruker DRX-300 and DRX-400 
spectrometers as noted, and are internally referenced to residual protio solvent signals. 
Data for 1H NMR are reported as follows: chemical shift (" ppm), multiplicity (s = 
singlet, brs = broad singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling 
constant (Hz), integration, and assignment. UV/Vis spectra were recorded in MeCN on a 








Cyclopropenium Cation Synthesis: 
Tris(diethylamino)cyclopropenium perchlorate2 (1) and 
Tris(diphenylamino)cyclopropenium chloride3 (8):  Prepared according to literature 
procedures. 
 
1,2-Bis(diethylamino)-3-phenylcyclopropenium perchlorate (2): 
Tetrachlorocyclopropene (0.40 mL, 3.3 mmol) was slowly added to a suspension of 
AlCl3 (440 mg, 3.3 mmol) in CH2Cl2 (15 mL) at 0 ºC.  The reaction was warmed to room 
temperature and benzene (0.27 mL, 3.0 mmol) was added after 1 h.  The mixture became 
homogenous and was stirred for 18h.  Water (20 mL) was added to quench the reaction, 
the layers were separated, and the aqueous phase was extracted with CH2Cl2.  The 
combined organic layers were dried with Na2SO2 and concentrated to give 0.61 g of 
crude solid that was immediately used in the next step.  
 Diethylamine (1.27 mL, 12.23 mmol) was added to the crude cyclopropene in 
CH2Cl2 (14 mL) at 0 ºC.  The reaction was warmed to room temperature after 10 min and 
stirred for an additional 40 h.  HClO4 (70% aqueous solution, 2.4 mL, 27.8 mmol) was 
added and the mixture was vigorously stirred for 15 min.  The layers were separated and 
the organic layer was washed with 1.0 M NaOH.  The aqueous phase was extracted twice 
with CH2Cl2 and the combined organic layers were dried with Na2SO4 and concentrated 
to yield a crude orange solid.  The crude material was purified by recrystallization from 




yield). 1H NMR (CDCl3, 300 MHz) " 7.58–7.49 (m, 5H, ArH), 3.78–3.66 (m, 8H, 
NCH2), 1.44–1.38 (m, 12H, CH2CH3). 
 
1,2-Bis(diethylamino)-3-(2-methoxynaphthyl)cyclopropenium chloride (3): 
Tetrachlorocyclopropene (0.40 mL, 3.3 mmol) was slowly added to a suspension of 
AlCl3 (440 mg, 3.3 mmol) and 2-methoxynaphthalene (475 mg, 3.0 mmol) in CH2Cl2 (15 
mL) at 0 ºC.  The reaction was warmed to room temperature and stirred for 12 h.  Water 
was added to quench the reaction and after stirring vigorously for 20 min the layers were 
separated and the aqueous phase was extracted with CH2Cl2. The combined organic 
layers were dried with Na2SO4 and concentrated to give 0.88 g of crude solid that was 
used immediately in the next step. 
 The crude material was taken up in CH2Cl2 (15 mL) and cooled to 0 ºC.  
Diethylamine (1.55 mL, 15 mmol) was slowly added and then the mixture was warmed to 
room temperature.  After stirring for 24 h, 1.0 M HCl was added to the reaction, the 
layers were separated and the aqueous phase was extracted twice with CH2Cl2.  The 
combined organic layers were then washed with 1.0 M NaOH and the aqueous phase was 
again extracted twice with CH2Cl2.  The organic phases were then dried with Na2SO4 and 
concentrated.  The crude residue was purified by silica gel chromatography (10% 
MeOH/CH2Cl2) to yield the title compound as a brown solid (459 mg, 1.23 mmol, 41 % 
yield). ). 1H NMR (CDCl3, 300 MHz) " 8.05 (d, J = 9.3 Hz, 1H, ArH), 7.88 (d, J = 9.3 





ArH), 7.37 (d, J = 9.0 Hz), 4.06 (s, 3H, OCH3), 3.92 (q, J = 7.2 Hz, 4H, NCH2), 3.64 (q, J 
= 7.2 Hz, 4H, NCH2), 1.47 (t, J = 7.2, 6H, CH2CH3), 1.28 (t, J = 7.2, 6H, CH2CH3). 
 
1,2-bis(diethylamino)-3-(9-methoxyphenanthryl)cyclopropenium chloride (4): 
Tetrachlorocyclopropene (0.25 mL, 2.0 mmol) was slowly added to a suspension of 
AlCl3 (267 mg, 2.0 mmol) and 9-methoxyphenanthrene (417 mg, 2.0 mmol) in CH2Cl2 
(10 mL) at 0 ºC.  The reaction was then stirred overnight at room temperature before 
being quenched with 20 mL of water.  The mixture was filtered through a pad of Celite, 
washing with CH2Cl2, and the layers were separated.  The aqueous phase was extracted 
twice with CH2Cl2 and the combined organic layers were dried with MgSO4 and 
concentrated. 
 The resulting crude material was taken up in CH2Cl2 (10 mL) and cooled to –78 
ºC.  Diethylamine (1.03 mL, 10 mmol) was added dropwise and then the reaction was 
warmed to room temperature and stirred overnight.  A 1.0 M HCl solition was added, the 
layers were separated, and the aqueous phase was extracted 3 times with CH2Cl2.  The 
combined organic layers were dried with MgSO4 and concentrated.  The crude oil was 
purified by column chromatography (0–20% MeOH/CH2Cl2) to yield the title compound 
as a mixture with minor impurities. 1H NMR (CDCl3, 300 MHz) " 8.76–8.70 (m, 2H, 





(q, J = 6.3 Hz, 4H, NCH2), 3.70 (q, J = 7.2 Hz, 4H, NCH2), 1.49 (t, J = 7.5 Hz, 6H, 
CH2CH3), 1.30 (t, J = 7.2 Hz, 6H, CH2CH3).!!
 
1,2-bis(diethylamino)-3-(9-hexyloxyanthracyl)cyclopropenium chloride (5):  
Tetrachlorocyclopropene (129 µL, 1.05 mmol) was added to a suspension of AlCl3 (140 
mg, 1.05 mmol) in CH2Cl2 at 0 ºC.  After stirring at room temperature for 1 h, the 
reaction was cooled back to 0 ºC and 9-hexyloxyanthracene4 (250 mg, 1.0 mmol) was 
added, turning the reaction a magenta color.  The mixture was warmed to room 
temperature and stirred for 5 h before being cooled to –78 ºC.  Diethylamine (1.45 mL, 
14 mmol) as added dropwise and the reaction was allowed to slowly warm to room 
temperature and was stirred overnight. .  A 1.0 M HCl solition was added, the layers were 
separated, and the aqueous phase was extracted 2 times with CH2Cl2.  The combined 
organic layers were dried with MgSO4 and concentrated.  The crude oil was purified by 
column chromatography (0–10% MeOH/CH2Cl2) to yield the title compound as a 
mixture with minor impurities.   The product was observed to decompose over time at 
room temperature. 1H NMR (CDCl3, 300 MHz) " 8.39 (d, J = 8.7 Hz, 2H, ArH), 8.05 (d, 
J = 8.7 Hz, 2H, ArH), 7.69 (dd, J = 8.7, 8.7 Hz, 2H, ArH), 7.58 (dd, J = 8.7, 8.7 Hz, 2H, 
ArH), 4.26 (t, J = 6.6 Hz, 2H, OCH2), 4.03 (q, J = 7.5 Hz, 4H, NCH2), 3.53 (q, J = 7.2 







1,2-bis(diethylamino)-3-(3-guaiazulenyI)cyclopropenium chloride (6): Oxalyl 
chloride (90 µL, 1.0 mmol) was added to a solution of 
bis(diethylamino)cyclopropenone{Breslow} (196 mg) in DCE (1 mL) at room 
temperature.  After stirring for 10 min, a solution of guaiazulene (208 mg, 1.05 mg) in 
DCE (1 mL) was added. The reaction was stirred for an additional three hours at room 
temperature before being heated to reflux and stirring overnight.  After cooling, the 
reaction was poured in ether and the mixture was filtered and concentrated.  The crude 
material was triturated with hexanes prior to being purified by silica gel chromatography 
(5-10% MeOH/CH2Cl2) to yield the title compound as a thick blue-green oil (0.30 g, 0.73 
mmol, 73% yield). 1H NMR (CDCl3, 300 MHz) " 8.26 (s, 1H, GH), 7.61–7.56 (m, 2H, 
GH), 7.26–7.22 (m, 1H, GH), 3.95–3.56 (m, 8H, NCH2), 3.14 (sep, J = 6.9 Hz, 1H, 
CH(CH3)2), 2.84 (s, 3H, GCH3), 2.63 (s, 3H, GH), 1.52–1.16 (m, 18H, CH(CH3)3, 
NCH2CH3). 
 
1-Diethylamino-2,3-bis(2-methoxynaphthyl)cyclopropenium chloride (7): Oxalyl 










yl)cycloprop-2-enone5 (7.33 mg, 2.0 mmol) in CH2Cl2 (10 mL) at room temperature.  
After 15 min the solution was cooled to –78 ºC, diethylamine (0.62 mL, 6 mmol) was 
slowly added. After warming to room temperature for 1h, 1.0 M HCl was added and the 
mixture was extracted with CH2Cl2.  The organic phase was then washed twice with 1.0 
M HCl and once with brine before being dried with Na2SO4 and concentrated to give a 
crude orange solid.  The crude material was washed liberally with Et2O and benzene to 
remove impurities and yield the title compound as a yellow solid (876 mg, 1.84 mmol, 
92% yield). 1H NMR (CDCl3, 300 MHz) " 8.30 (d, J = 9.3 Hz, 2H,  ArH), 7.90 (d, J = 8.4 
Hz, 2H, ArH), 7.58 (d, J = 9.3 Hz, 2H, ArH), 7.44–7.21 (m, 6H, ArH), 4.17 (q, J = 7.2 
Hz, 4H, NCH2), 4.12 (s, 6H, OCH3), 1.53 (t, J = 7/2 Hz, 6H, CH2CH3). 
 
Tris(2-methoxynaphthyl)cyclopropenium tetrafluoroborate (8): 
Tetrachlorocyclopropene (0.25 mL, 2.0 mmol) was slowly added to a suspension of 
AlCl3 (267 mg, 2.0 mg) and 2-methoxynaphthalene (981 mg, 6.2 mmol) in CH2Cl2 (10 
mL) at 0 ºC.  The reaction was then warmed to room temperature and stirred for 40 h.  
The reaction was quenched with 1.0 M aqueous NaOH (20 mL) and the mixture was 
extracted three times with CH2Cl2.  The combined organic phases were dried with 
NaaSO4 and concentrated to give a yellow solid.  The material was taken up in benzene 
and the solution was cooled to 0 ºC.  HBF4•OEt2 (0.55 mL, 4.0 mmol) was added 





washed repeatedly with benzene and ether to yield the title compound as a bright yellow 
solid (1.00 g, 1.68 mmol, 84% yield). 1H NMR (CDCl3, 300 MHz) " 8.49 (d, J = 9.4 Hz, 
3H,  ArH), 8.01 (d, J = 7.8 Hz, 3H, ArH), 7.78 (d, J = 8.1 Hz, 3H, ArH), 7.59–7.43 (m, 
9H, ArH), 3.61 (s, 9H, OCH3). 
 
Tris(N,N-di(4-methoxyphenyl)amino)cyclopropenium chloride (10): 
Tetrachlorocyclopropene (0.17 mL, 1.36 mmol) was added to a solution of N,N-di(4-
methoxyphenyl)amine (934 mg, 4.07 mmol) and diisopropylethylamine (0.71 mL, 4.07 
mmol) in dichloroethane (6.8 mL) at 0 ºC.  The reaction was warmed to room 
temperature and after 5 h was heated to reflux for an additional 40 h.  After cooling to 
room temperature the reaction was diluted with CH2Cl2 and washed with sat. NaHCO3.  
The organic layer was dried with Na2SO4 and concentrated to obtain a crude solid.  The 
material was liberally washed with ether and dried to give the title compound as a light 
brown powder (0.76 g, 1.00 mmol, 74% yield). 1H NMR (CDCl3, 300 MHz) " 7.26 (d, J 










Tris(bis-(4-dimethylaminophenyl)amino)cyclopropenium chloride (11): 
Tetrachlorocyclopropene (91 µL, 0.74 mmol) was added to a solution of N,N-di(4-
dimethylaminophenyl)amine (566 mg, 2.22 mmol) and diisopropylethylamine (0.39 mL, 
2.22 mmol) in dichloroethane (10 mL) at room temperature.  After 2 h the reaction was 
heated to reflux for an additional 40 h.  After cooling to room temperature the reaction 
was diluted with CH2Cl2 and washed with sat. NaHCO3.  The organic layer was dried 
with Na2SO4 and concentrated to obtain a crude solid.  The material was liberally washed 
with ether and dried to give the title compound as a brown powder (0.45 g, 0.54 mmol, 
73% yield). 1H NMR (CDCl3, 300 MHz) " 6.82 (d, J = 9.0 Hz, 12H, ArH), 6.20 (d, J = 




19W CFL: Reactions vessels were placed in a water bath ~1 cm from a commercially 
purchased (Home Depot) 19W compact fluorescent light. 
400nm LEDs: Reaction vessels were placed ~3 cm from a custom-built LED array.  The 
array was constructed of panels of nine 400nm violet LEDs (www.ledshoppe.com) 












Methyl phenylacetate: A solution of methyl #-chlorophenylacetate7 (23.3 µL, 0.15 
mmol), diisopropylethylamine (52.3 µL, 0.30 mmol), diethyl 1,4-dihydro-2,6-dimethyl-
3,5-pyridinedicarboxylate (41.8 mg, 0.165 mmol), and cyclopropenium 7 (4.4 mg, 0.0075 
mmol) in DMF 0.6 mL was stirred in a water bath in front of a 19W CFL.  Aliquots were 
taken at regular intervals and diluted with EtOAc, washed with saturated NaHCO3, dried 
with Na2SO4, and concentrated. After 24 h there was 43% clean conversion to the title 
compound as determined by 1H NMR analysis of the crude material.  1H NMR (CDCl3, 




1-(nitromethyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline:8 A solution of N-
phenyltetrahydroisoquinoline9 (26.2 mg, 0.125 mmol) and cyclopropenium 6 (3.0 mg, 
0.0063 mmol) in nitromethane (0.5 mL) was stirred at room temperature in front of a 
400nm LED array for 24 h.  The reaction was diluted with a saturated NaHCO3 solution, 
extracted with EtOAc, dried with Na2SO4, and concentrated.  The reaction had 
progressed to 99% conversion, producing the title compound as the major product, as 
determined by 1H NMR analysis of the crude reaction mixture. .  1H NMR (CDCl3, 300 










ArCHN), 4.86 (dd, J = 7.8, 11.7 Hz, 1H, CH2NO2), 4.55 (dd, J = 6.6, 11.7 Hz, 1H, 





2-(diisobutylamino)-3-methylbutanenitrile:10 Triisobutylamine (19.4 µL, 0.08 mmol), 
potassium cyanide (15.6 mg, 0.24 mmol), sodium acetate (13.1 mg, 0.16 mg), acetic acid 
(9.2 µL, 0.16 mmol), cyclopropenium 7 (5.9 mg, 0.008 mmol), and benzyl ether (3.8 µL, 
0.02 mmol) were combined in MeCN (0.8 mL) and placed under an oxygen atmosphere.  
The reaction was stirred in a water bath in front of a 19W CFL.  After 48 h  the reaction 
was diluted with a saturated NaHCO3 solution, extracted with EtOAc, dried with Na2SO4, 
and concentrated.  The title compound was produced in 79% yield as determined with the 
benzyl ether standard through 1H NMR analysis of the crude mixture. 1H NMR (CDCl3, 
400 MHz) " 3.07 (d, J = 10.8 Hz, 1H, NCHCN), 2.24 (dd, J = 4.0, 12.8 Hz, 2H, NCH2), 
2.14 (dd, J = 11.0, 21.4 Hz, 2H, NCH2), 1.96–1.90 (m, 1H, CH(CN)CH), 1.76–1.65 (m, 
2H, NCH2CH), 1.10 (d, J = 6.8 Hz, 3H, CH(CN)CHCH3),  1.04 (d, J = 6.4 Hz, 3H, 
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